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Abstract

Unconventional petroleum reservoirs represent complex subsurface fluid environ-
ments. Investigating the behaviour of these systems has important consequences
for our energy production, environmental impact, and has the potential to further
our general understanding of subsurface fluid behaviour in low-porosity systems.
This study utilises noble gas isotopes in produced gases as geochemical tracers to
investigate several facets of unconventional petroleum systems and related regimes.
Firstly, the behaviour of source-rocks during natural gas generation is investigated
in the Eagle Ford Shale (South Texas, USA). Here, clear relationships are shown
between the noble gas composition and parameters for thermal maturity, including
d'3C of methane. This allows new constraints to be placed on the behaviour of
gas during generation and leads to novel approaches for quantifying the extent of
gas generation within and expulsion from source-rocks. Secondly, the migration
of hydrocarbons from source-rock to reservoir is investigated in a series of related
samples from the Haynesville play area (East Texas, USA). Migrated samples from
conventional reservoirs are shown to have much higher abundances of atmosphere-
derived and radiogenic noble gas isotopes. These observations are used to test
conceptual models of subsurface gas flow and ultimately to quantify the relative
volumes of gas, water and rock encountered during migration. Finally, we investigate
the behaviour of geothermal fluids in Iceland, using a similar approach but applying
it to another low-porosity subsurface environment. Here, atmosphere-derived
noble gas isotopes display solubility-dependent fractionation patterns, likely as a
result of geothermal boiling and degassing at depth. The data and interpretations
presented in this study greatly expand our understanding of noble gas behaviour
in low-porosity rocks, and highlight new potential for their use as tracers in

subsurface environments.






Extended Abstract

The recent proliferation of unconventional shale gas reservoirs as an energy resource
enables a more detailed investigation of the geochemical behaviour of these systems.
In addition, it provides an opportunity to improve our understanding of other
low-permeability crustal fluid systems at depth. Organic-rich shales are not only
the source-rocks in conventional petroleum systems, but potential seals, which may
be important for the trapping and storage of CO5 and/or nuclear waste.

In this study we measure noble gas isotopes in produced natural gases and
geothermal fluids, in order to better understand their evolution and behaviour.
Noble gases are ideal tracers of fluid provenance and physical processes in the
subsurface due to their inert nature. Using 3 case studies, we investigate several
aspects of different subsurface fluid regimes.

Firstly, the behaviour of source-rocks during natural gas generation is investigated
in the Eagle Ford Shale (South Texas, USA). The Eagle Ford is an unconventional
source-rock reservoir, which generates hydrocarbon gas at a range of depths. As
hydrocarbon generation is controlled primarily by temperature this range of depths
equates to different stages of hydrocarbon generation across the basin. Noble
gas concentrations and isotopic characteristics were determined in 10 natural gas
samples, along with the concentrations and 6'3C and 6D of hydrocarbon gases. The
large range in thermal maturity exhibited across the basin, as demonstrated by
the range in §'3C of methane from -37.8 to -47.5%¢ VPDB, allows us to constrain
the evolution of the noble gas signature within a source-rock during hydrocarbon
generation and expulsion. For the first time, we show that 3°Ar concentrations in
hydrocarbon gases are not simply controlled by solubility exchange with formation
water. Instead, they are shown to decrease dramatically (from 2.6 x 1077 to
7.0 x 107 %cm3STPcm™3) with increasing thermal maturity, which we attribute
to a dilution effect as more short-chain hydrocarbon compounds are generated
through cracking of kerogen and secondary cracking of oil. We develop a model
that combines °Ar concentrations with §3C data in order to quantify the retention
capacity for generated hydrocarbons, and show that between 40 to 80% of the
hydrocarbons generated by the Eagle Ford shale are retained within the formation.
We also calculate that radiogenic *He concentrations within the Eagle Ford are
well in excess of that which could have accumulated internally since deposition

and requires contributions from external “*He sources.



Secondly, the migration of hydrocarbons from source-rock to reservoir is inves-
tigated in a series of related samples from the Haynesville play area (East Texas,
USA). The migration of hydrocarbons from source-rock to reservoir represents one
of the critical stages of petroleum system evolution, but is challenging to study
geochemically and thus remains poorly understood. By analysing samples produced
from genetically-related unconventional source-rock reservoirs and overlying con-
ventional reservoirs we can directly assess the effects of migration on noble gas
composition, and infer the processes that caused them. We present new noble gas
isotope and abundance data from 27 natural gas wells within the Haynesville basin,
including (n=8) from the unconventional Haynesville source-rock. In addition,
we report data from samples derived from the overlying conventional reservoirs
within Cotton Valley (n=>5), Travis Peak (n=9), and James Lime (n=>5). Samples
consist primarily of methane (>70%), with small contributions from longer chain
hydrocarbons, and other gases such as CO5 and Ny. Noble gas abundances for both
atmosphere-derived and radiogenic isotopes are significantly higher in conventional
reservoirs, clearly reflecting the effects of the migration process. We present a model
that can be used to constrain the volumes of rock and groundwater encountered
by the conventional gas accumulation during migration. Specifically we observe
progressive incorporation of mantle-sourced He and radiogenic *He and *°Ar with
increasing migration distance from the source-rock. This results in a counterintuitive
distribution of 3He/*He values, with the greatest contributions of mantle He observed
in the shallowest reservoirs. We interpret this to be due to mixing between a pristine
source-rock signature and an endmember characterised by elevated *He/*He and
1Ay /36 Ar, likely representative of mantle-enriched groundwater circulating in the
wider hydrogeological system of the basin. In order to ascertain the processes
controlling the introduction of these external noble gases into the impermeable
source-rock, we model the flux of He across the basin using a finite-difference
approximation of the advection-dispersion-reaction equation. We find that whilst
the Haynesville source-rock is relatively impermeable to groundwater advection,
groundwater flow in the overlying sandstones can transport mantle *He and
radiogenic “He. Vertical diffusion from the adjacent strata can then introduce
the external signatures into the source-rock.

Finally, we present a case study of geothermal fluids in Iceland, extending the
models developed in previous chapters to related volcanic systems. Whilst noble
gases have been used in this environment for determining mantle isotope systematics
before, the potential of using inter-elemental atmosphere-derived noble gas models is
under-utilised. We present new data for complete noble gas isotope and abundance
data (He, Ne, Ar, Kr, Xe) from 29 geothermal gases: 16 from geothermal power
boreholes and 13 from naturally-degassing fumaroles. Samples are taken from both



the Northern Rift Zone (NRZ) and Western Rift Zone (WRZ) of Iceland. Helium
isotope ratios are MORB-like in the NRZ, with values in excess of MORB up to
16.92R, in the WRZ. Neon isotopes show enrichment in primordial *°Ne/?*Ne,
plotting close to the solar-air mixing line. Helium and neon isotope systematics are
decoupled, consistent with previous studies. Argon, krypton and xenon isotopes are
indistinguishable from air. Atmosphere-derived noble gas (ANG) isotopes (**Ne,
36 Ar, 81Kr, 139Xe) are strongly correlated and show evidence for solubility-controlled
fractionation. A pure air-saturated water source for these ANG isotopes is not
consistent with our observations, and instead a small (10%) external contribution
with a similar composition to that observed in sediments is required. Multiple-stage
gas-water equilibration is required to explain the observed magnitudes of ANG
fractionation, supporting repeated boiling/condensation/degassing episodes in the
subsurface geothermal system. Concentrations and stable isotope ratios of other
major geochemical species show relationships with *He/*He ratios. In some cases (6D
and 680 of H,0) this is likely to be a superficial relationship due to the geographic
distribution of MORB vs OIB signals. However, other observed correlations (e.g.
6D and §'3C of methane) may be indicative of deeper source or process controls.

Overall, the data and interpretations presented in this study greatly expand
our understanding of noble gas behaviour in low-porosity rocks, and highlight new

potential for their use as tracers in subsurface environments.
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1.1 Motivation

This project was conceived with the aim of applying and adapting the techniques of
noble gas isotope geochemistry into a relatively new and rapidly evolving field. The
use of noble gas isotopes to investigate petroleum systems in the subsurface dates
back decades (Zartman et al., ; Wasserburg et al., . However the landscape
of hydrocarbon production has been revolutionised in recent years with the advent

of unconventional production (also known as shale gas or shale oil). From being a
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minor component of energy output ten years ago, unconventional production now
accounts for 50% of U.S. oil production and 60% of natural gas production, with
projections set to increase this share in the coming years (EIA,2018). Given the likely
continued significance of these energy resources, understanding their behaviour
is crucial for safe and effective operation. Unconventional systems represent a
fundamentally different method of hydrocarbon extraction from a fundamentally
different subsurface environment. As such, it is relatively poorly understood from a
geochemical perspective. Given the potential of noble gases as tracers, it is timely
to revisit and revise their use in petroleum systems for this new era.

The findings from the noble gas analysis of produced unconventional gases are
also likely to have implications in related fields. Unconventional hydrocarbons are
produced directly from the organic-rich source-rocks in which they are generated.
Source-rocks represent a previously unobserved part of the deep hydrogeological
regime, one wherein the migration of crustal fluids has important consequences for
the interactions between the interior and surface volatile reservoirs of the Earth
(Ballentine et al., 2005). Understanding the fundamental processes affecting fluids in
low-porosity source-rocks will also lead to a better understanding of other subsurface
engineering projects, such as CO, sequestration (Gilfillan et al., 2009), or nuclear
waste storage (Hendry et al., 2015). In terms of environmental impact, noble
gases are ideal tracers of contamination, and are already being used to assess the
potential causes of fugitive gas in drinking water aquifers (Darrah et al., |2014;
Harkness et al., 2017; Barry et al., 2018b), resulting from concerns about the impact
of oil and gas production on drinking water (Osborn et al., [2011)). Finally, as
source-rocks are the origin of hydrocarbons occurring in conventional reservoirs,
better-constraining their behaviour will likely have implications for understanding

conventional petroleum systems.

1.2 Overview

Chapter 1 of this thesis provides a comprehensive literature review and summary of

noble gas isotope analytical methods used for the acquisition of the majority of the
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data acquired as part of this project. The main original contributions contained in
this thesis comprise 3 chapters, each focussing on a particular case study.

Chapter 2 focuses on understanding the generation of hydrocarbons using noble
gases. Production from unconventional source-rock reservoirs allows us for the first
time to sample natural hydrocarbons from their locus of generation. Hydrocarbon
generation is a gradual process, driven by temperature and time. We utilise a sample
suite from the Eagle Ford shale, in South Texas, USA. As the Eagle Ford Formation
has been buried to variable depths across the play, we can effectively sample different
points in the hydrocarbon generation process all from the same reservoir. Using
high-precision noble gas isotope measurements in conjunction with traditional stable
isotope geochemistry represents the first step in understanding these environments.

In Chapter 3, we focus on hydrocarbon migration - the movement of oil
or gas from the source-rock into a conventional reservoir. This is a crucial
process in the evolution of a petroleum system, but is challenging to study using
geochemical methods. Using a sample suite from East Texas, USA, where we can
directly relate unconventional production from the Haynesville source-rock with
conventional production from a series of overlying reservoirs, we can investigate the
differences between source-rock and reservoir and use these to better understand
the process of migration.

In Chapter 4, we aim to take some of the concepts explored in the previous
chapters and apply them to a new environment. Iceland has been the focus of
many geochemical studies, including noble gas analyses (Marty et al., 1991; Poreda
et al., 1992 Hilton et al., [1998; Firi et al., 2010} Barry et al., 2014; Halld6rsson
et al., 2016). However, these studies have almost exclusively focused on using
the light noble gases to understand mantle endmember compositions and their
relationships. We exploit the ability to measure the full suite of noble gases and
explore the potential for using the solubility-dependent of atmosphere-derived noble
gases to investigate the phase partitioning behaviour in geothermal fluids. The
boiling, condensation, and degassing of these fluids is important both for controlling

the surface chemistry of Iceland, but also in powering its geothermal power, the
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boreholes of which account for many of our measured samples. This is a concept
that has been investigated extensively using many other geochemical tools (Arnason,
1977; Arnérsson et al., |1983; Stefansson and Barnes, 2016; Stefansson et al., [2017)),
and we demonstrate that noble gases can provide invaluable constraints on the
behaviour of these systems as part of an ongoing collaborative approach.

The impact of this study and the outlook for future work is summarised in Chap-
ter 5.

An additional study of smaller scope is included in Appendix A. Here we
investigate the phenomenon of excess atmospheric krypton and xenon abundances
observed in many hydrocarbon systems. We report noble gas isotope and abundance
data from natural gases produced from 2 distinct hydrocarbon fields, the Hogsback
field in Wyoming, USA, and the Sable Island field in the Scotian Basin. Both of
these fields contain gas sourced from type III kerogen and we test the hypothesis that
kerogen type is a controlling factor for the presence of Kr and Xe enrichments. We
conclude that this is not the case. By comparing datasets from other studies we also
show that neither fluid type (oil vs gas) or migration (conventional vs unconventional

reservoirs) appears to control the presence of heavy noble gas enrichments.

1.3 Literature Review

The study of the origin and post-generation history of hydrocarbons in sedimentary
basins has been the subject of thousands of investigations worldwide, both by the
academic and industrial communities. Many studies have tried to better understand
or characterise the elements or processes that occur within a given hydrocarbon
system (e.g. Waples, 1994; Hindle, [1997). In a frontier basin, initial studies may
focus on predicting whether a particular package of Earth’s crust has the necessary
elements of sufficient quality and distribution to generate and store hydrocarbons
over geological timescales (e.g. Blanc and Connan, |1994; Whiticar, |1994)). In
better studied basins, efforts are likely to focus on defining the robustness of critical
hydrocarbon play elements. The application of geochemical techniques has been

at the forefront of many of these studies by: (i) providing time and temperature
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constraints on basin evolution (Sweeney and Burnham, |1990; Crowhurst et al., 2002;
Stolper et al., |2014)), (ii) determining the depositional environment, age, thermal
maturity and type of organic matter of key source-rock intervals (Hughes et al., |[1995)),
and (iii) linking hydrocarbons in reservoirs to the source-rock responsible for their
generation (Dow, 1974; Stahl, [1978; Philp, 1993). However, the physical histories of
accumulated hydrocarbons have proven to be more difficult to understand.

The noble gases have found strong application as physical tracers in a wide
range of geochemical fields (Ozima and Podosek, |2002; Porcelli et al., 2002; Burnard
et al., 2013)). Thanks to their chemical inertness, they are unaffected by biological
activity, chemical alteration, or redox reactions that complicate many other tracer
systems. This means that only physical processes, such as mixing, dissolution,
phase partitioning, and diffusion are recorded by the noble gases. This, coupled
with the fact that the different components of the Earth’s noble gas inventory
(atmosphere, crust and mantle) are isotopically distinct and well-constrained, means
that the inputs into and the processes occurring within any given system can
be accurately deduced. Given these properties, noble gas geochemistry has the
theoretical potential to help constrain physical processes and timescales associated
with hydrocarbon fluid generation, migration and storage in petroleum systems.

In a typical noble gas investigation of a petroleum system, samples are taken from
the produced hydrocarbon and measured for their noble gas composition. From here
a range of different models can be applied to investigate different characteristics
of the system, from gas, oil, and water interactions to the timing of migration
and accumulation. The development of these quantitative noble gas models has
happened alongside improvements in analytical technology, allowing measurement
of more noble gas isotopes with greater accuracy and precision, and from this
an increased understanding of the processes affecting the noble gases within the
subsurface. Consequently noble gases now provide a powerful tool that can reveal
information about the subsurface inaccessible by other analytical techniques. For

complementary information we refer readers to comprehensive reviews by Ballentine

et al., 2002, and Holland and Gilfillan, [2013 for detailed discussion.
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1.3.1 Definitions

We use the term ‘petroleum system’ in the sense defined by Magoon and Dow, |1994]
and provide a schematic representation in Fig. [I.1 It is considered to encompass a
unit of active source-rock, all related hydrocarbon accumulations, and the geological
features and processes that are necessary for the hydrocarbon accumulations to exist.
This comprises a series of elements and processes; elements include the source-rock,
migration pathway, reservoir, and trap, whereas processes include hydrocarbon
generation, migration, and the geological processes affecting the system. As such,
the petroleum system can cover a large geographic, stratigraphic, and temporal
range and significant differences may exist between different systems.

We discuss both conventional and unconventional hydrocarbon systems. Con-
ventional hydrocarbon systems comprise of (i) a source-rock of sufficient quality and
distribution that is buried to temperatures and pressures necessary to result in the
generation of and expulsion of hydrocarbons from the source-rock, (ii) secondary
migration of hydrocarbons along carrier beds to a reservoir rock in a configuration
that traps hydrocarbons either stratigraphically or structurally, and (iii) an overlying
low permeability seal rock that results in the accumulation of hydrocarbons within
the reservoir rock. Whilst the term ‘unconventional” has been applied to petroleum
exploitation environments ranging from tar sands to ultra-deep water production,
we use the term here in a stricter sense to apply to source-rock reservoirs such
as gas-shales (Curiale and Curtis, 2016). These are traditionally unconventional
in that they produce directly from the source-rocks that generate the petroleum,
with very little secondary migration. The low porosity and permeability of these
rocks means that they typically require advanced production techniques such as
hydraulic fracturing or directional drilling to produce economically. A schematic
representation of conventional and unconventional production is shown in Fig. [I.1]

Noble gas isotope ratio measurements are typically reported simply as raw
ratios, unlike most other geochemical isotope ratios, which use permil (%o) notation
(Hoefs, |1997). Using the raw ratios is more convenient when relatively large

isotopic variations are common (Porcelli et al., 2002). Although using raw ratios
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eliminates the requirement for a universal standard, samples in natural systems
are often compared to air, which is well mixed and defined in Tables and [1.2]
In subsurface fluid systems it is also common to use air-saturated water (ASW)
as a standard, which is well defined over a range of temperatures and salinities
(Table [1.3)). Helium isotope ratios (*He/*He) are usually reported relative to the
air ratio (R,). Quantities of noble gases are typically reported in cm® standard
temperature and pressure (cm*STP or ccSTP), due to the small amounts of noble
gases usually present in geochemical systems. The cm®STP unit can be directly
converted to moles using the molar gas volume (22400cm?® at STP of 273.15K
and 10°Pa) (Burnard et al., [2013).

Element Volume mixing ratio

He  5.24(+0.05) x 107
Ne  1.818(£0.004) x 107
Ar  9.34(£0.01) x 1073
Kr  1.14(+0.01) x 106
Xe  8.7(+0.1) x 1078

Table 1.1: The volume mixing ratios for the noble gases in dry air. Data from Porcelli
et al., [2002

1.3.2 Origin of terrestrial noble gases

Primordial noble gases

Primordial elements are those indigenous to Earth, incorporated during planetary
formation. The noble gases are highly volatile, and thus difficult to entrain during
planetary accretion (Pepin, [1991). This results in a bulk Earth that is depleted
in noble gases by several orders of magnitude compared to the proto-solar nebula
from which the planet was formed (Wieler, 2002; Grimberg et al., 2006). Some of
the noble gas isotopes (e.g. °Ne, 3¢Ar, 3 Kr, 3°Xe) are not produced on Earth in
significant quantities, and thus their provenance in terrestrial reservoirs is assumed
to be 100% primordial (Burnard et al., 1997; Moreira et al., [1998]). The isotopic
composition of possible accretionary precursors such as the protosolar nebula and

carbonaceous chondrites have been compared with the terrestrial inventory of the
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Isotope Relative abundance

‘He  1.399(£0.013) x 1076

3He =1

20Ne =1

2I1Ne 9.80 £ 0.08
22Ne 0.0290 £ 0.0003
36AY =1

38Ar 0.1885 == 0.0003
OAYy 298.56 + 0.31
8Kr 0.6087 £ 0.0020
80Ky 3.9599 &+ 0.002
82Kr 20.217 + 0.004
83Ky 20.136 &+ 0.021
84Ky =100
86Ky 30.524 4+ 0.025
124% e 2.337 4 0.008
126X e 2.180 £+ 0.011
128% e 47.154+0.07
129% e 649.6 + 0.9
130X e = 100

BlY e 521.3 £ 0.8
182X e 660.7 &+ 0.5
134X e 256.3 1+ 0.4
136X e 217.6 £0.3

Table 1.2: The isotopic ratios of noble gases in air. Data from Porcelli et al., |2002; Lee
et al., [2006

Element Concentration (cm3STPg™1)
Freshwater 10°C  Freshwater 20°C Seawater 10°C
He 4.73 x 1078 4.65 x 1078 4.04 x 1078
Ne 2.06 x 107 1.93 x 1077 1.70 x 1077
Ar 3.91 x 10~* 3.23 x 1074 3.11 x 1074
Kr 9.21 x 1078 7.27 x 1078 7.26 x 1078
Xe 1.34 x 1078 9.24 x 107 1.04 x 1078

Table 1.3: The equilibrium concentrations of the noble gases in air-saturated water at
atmospheric pressure for selected salinities and temperatures, calculated from Henry’s
constant equations in Fernandez-Prini et al., 2003, and Setschenow coefficient equations
in Smith and Kennedy, [1983|
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Figure 1.1: A schematic conceptual model of the sources of noble gases in petroleum
systems, modified from Ballentine and O’Nions, For each input, the major
characteristic isotopes are shown, although in reality each source will have varying
contributions from a range of isotopes. Groundwater is usually considered to be ubiquitous
in the subsurface, although the provenance of the water (meteoric recharge or formation
water) and the connectivity of different sources can vary. Meteoric groundwater recharge
has air-saturated water (ASW) composition and air-like isotopic ratios; the isotopes shown
have no significant mantle or radiogenic sources, and so are considered characteristic of
the subsurface noble gas component. Crustal radiogenic production occurs throughout
the crust, though the produced isotopes can be transported via groundwater flow. Phase
equilibrium between groundwater and any hydrocarbon accumulation is rapid on a
geological timescale, and is the primary conduit for introducing noble gases into the
hydrocarbon phase.

primordial gases to reconstruct the origin and processes responsible for delivery
of volatiles to Earth on its formation (e.g. Ballentine et al., ; Ballentine and
Holland, Holland et al., 2009} Marty, [2012; Halliday, [2013). These models of
planetary noble gas acquisition successfully explain the modern terrestrial inventory
for all of the primordial noble gases except Xe, whose apparent depletion in the
Earth is still the subject of much debate (Sanloup et al., ; Lee and Steinle-
Neumann, ; Pepin and Porcelli, . The recent discovery of the progressive

isotopic fractionation of atmospheric Xe during the Archaean supports gradual
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depletion from the atmosphere occurring until approximately 2.1Ga, although the
exact mechanisms responsible are still unclear (Pujol et al., 2011; Avice et al.,

2018; Bekaert et al., 2018)).
Production of noble gases

Noble gases are produced both directly and indirectly from radioactive processes
occurring within the Earth. The partitioning of different radioactive elements into
chemically and physically distinct parts of the planet is the cause of much of the
heterogeneity in the terrestrial noble gas reservoirs. The most productive radioactive
elements in terms of abundance and decay rate (U, Th, K) are highly incompatible
in the Earth’s mantle, meaning that the crust is typically associated with much
higher levels of noble gas production (Ballentine and Burnard, [2002).

Noble gas production proceeds by 3 mechanisms: radiogenic, nucleogenic, and
fissiogenic. The laws governing the pathways and rates of radioactive decay are well
understood, allowing theoretical production rates to be accurately calculated in any
system if the parent isotope concentration and half-life (decay constant) is known
(Rutherford, 1906} Pierce et al., |1964). This is the basis of a number of successful
dating tools such as Kr-Ar dating, Ar-Ar dating and *He dating (Merrihue and
Turner, 1966; Farley, 2002; Renne et al., |2010)).

Radiogenic production. Radiogenically produced isotopes are those produced
as direct daughter products of radioactive decay. For the modern Earth, the most
significant radioactive decay pathway is the U, Th series. The initial decay of
25U, 28U and 22Th is by a-decay, significant in terms of noble gas production
because an a-particle is equivalent to a *He nucleus. The vast majority of a-particles
ionise the surrounding material upon ejection, collecting electrons to form a *He
atom. Elevated U, Th concentrations are therefore associated with helium that
is isotopically enriched in *He. The incompatibility of both U, Th in the mantle
means that they, and consequently *He, are highly enriched in continental crust.

Similarly, high crustal concentrations of “°K lead to elevated “°Ar when “°K

decays by electron capture. The subsequent release of radiogenic “°Ar into the
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atmosphere has drastically altered the isotopic composition of atmospheric argon
over Earth history. Whilst the majority of primordial argon is *Ar (the proto-solar
nebula has a °Ar/3Ar ~ 3.0 x 107*), the atmospheric “°Ar/36Ar ratio in the
modern atmosphere is 298.6 because of radiogenic “°Ar enrichment (Gobel et al.,

1978; Anders and Grevesse, [1989; Lee et al., 20006]).

Nucleogenic production. In addition to a-particles the emission of neutrons
is also a direct result of radioactivity. Nucleogenic production is the interaction
of both these particles with the nuclei of nearby atoms, leading to the formation
of new elements in Wetherill reactions (Wetherill, |1954)).

Most commonly the impact of an a-particle into a nucleus is followed by the
emission of a neutron in an (a,n) reaction, effectively adding 2 protons and 1
neutron to the nucleus of the affected atom. Noble gases formed in measurable
quantities in this fashion include **Ne, which is derived from the («, n) reaction of
180, (*0(a, n)*'Ne) as well as ??Ne, which is formed indirectly via the 81 decay of
the short-lived *Na produced by (a,n) reaction with F (*F(a, n)**Na(87)?*Ne).

Alternatively, an incident neutron can cause a nucleus to emit an a-particle,
effectively removing 2 protons and 1 neutron in a (n, «) reaction. This pathway
provides a further source of 2'Ne, produced by the 2*Mg(«, n)?'Ne reaction, as well
as a small contribution to *He, produced by the ®Li(c, n)*He reaction.

As nucleogenic reactions require a source of a-particles and neutrons, their
production rates are tightly coupled with nearby radioactivity, primarily U, Th.
Both a-particles and neutrons have a limited range in typical crustal rock after
being ejected from the parent nucleus, with typical ranges of 15-45um and 10-100cm
respectively (Ziegler, [1977; Martel et al., [1990)). As such, heterogeneities on the
mineral-scale can have measurable effects on the relative production of different
isotopes. Notably, observed radiogenic ?'Ne/??Ne values from the modern crust are
incompatible with those predicted from average crust **O and '°F concentrations.

This has led to the inference that the O/F concentration in the modern crust is
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systematically lower in phases associated with high U, Th concentrations (Kennedy

et al., 1990; Hiyagon and Kennedy, (1992).

Fissiogenic production. A further source of noble gas production is as a result
of the fission of heavy, unstable nuclei. The systematics of this process are more
complex than simple radioactive decay, but the production rates of different isotopes
can still be relatively well-constrained (Wieler and Eikenberg, 1999)). The dominant
fission process in noble gas production is the spontaneous fission of **U, which
produces 12%13L132,134136X o - a5 well as smaller amounts of #38486Ky. The spontaneous
fission of 232Th, and the neutron-induced fission of 238U, 23U, and 23?Th also make
minor contributions to the production of these fissiogenic Xe and Kr isotopes
(Ballentine and Burnard, 2002).

The production rates of fissiogenic isotopes are much lower than those of
radiogenic or nucleogenic isotopes (Table . As such, fissiogenic Xe excesses
are only observed in samples that have been isolated for significant periods of

time (Reynolds, [1963; Holland et al., |2013).

1.3.3 Physical chemistry of noble gases in fluids

Henry’s law

The dissolution of noble gases into fluids (water, oil, and gas) has been reviewed
by Ballentine et al., 2002. Dissolution follows Henry’s law, which states that the
concentration of a gas in solution is directly proportional to the partial pressure of

that gas in the gas phase. This can be formulated for any noble gas ¢, assuming

ideal gas behaviour in both the gas and fluid phases (Eq. [L.1)).

pi = K (1.1)

Where p; is the partial pressure, x; is the mole fraction in solution, and K; is the
Henry’s constant. Henry’s constants are specific to the solute, and are temperature
and salinity dependent; their units depend on the units used to measure the partial

pressure and concentration in the fluid phase.
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Isotope Present day production rate
(cm®STPkg'yr!)

3He 2.49 x 10718
‘He 3.31 x 10710
20Ne 1.47 x 10718
21Ne 1.51 x 10717
22Ne 3.03 x 10~%7
36 Ay 2.38 x 10718
38 Ar 1.09 x 1018
WAy 6.05 x 10~1
83Ky 5.86 x 10721
84Ky 2.12 x 10720
86Ky 1.39 x 1019
131X e 7.89 x 10720
132X e 5.24 x 10719
134 e 7.50 x 10719
136X e 9.09 x 10719

Table 1.4: Present day production rates for the radiogenic noble gases in typical
continental crust. Data from Ballentine and Burnard, 2002,

The Henry’s constants of noble gases in water have been determined empirically
over a temperature range from the freezing point to the critical point of water
(Crovetto et al., [1982; Smith, [1985), and equations have been formulated using a
compilation of empirical data that allow the calculation of Henry’s constants at any
temperature (Fernandez-Prini et al., [2003). Determination of the Henry’s constant
for oil faces the further complexity of the natural variation in oil composition. This
work is limited to just one study of two oils with API gravities of 25° and 31°
(Kharaka and Specht, 1988)). The solubility of the noble gases was shown to be
affected by the API gravity, but it is likely that the solubility is also controlled
by properties other than bulk density (e.g., concentration of polar compounds,
trace element concentrations). Hence the Henry’s constant for oils remains a key

uncertainty in models that apply these constraints.
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Non-ideality

Henry’s law can be modified to account for non-ideal behaviour in the gas and
fluid phases by taking into account both the gas phase fugacity coefficient, and
the liquid phase activity coefficient (Eq. .

Qip; = Vil (1-2)

Where ®; is the fugacity coefficient, and ~; is the activity coefficient; a deviation
of either of these from unity represents non-ideal behaviour. Fugacity is pressure and
temperature dependent, and can be calculated from empirical measurements of real
molar volume (Dymond and Smith, [1980)). Activity is dependent on temperature

and salinity, with the relationship formulated in the Setschenow equation (Eq. .

;= Ch(T) (1.3)

Where C' is the concentration of salt in the solution, and k; is the temperature
dependent Setschenow coefficient. The response of Ar to changes in salinity is
independent of the electrolyte species, and this relationship is assumed to be
true for the other noble gases (Ben-Naim and Egel-Thal, [1965). The Setschenow
coefficients have been determined empirically for the noble gases over a range
of temperatures from 270-340K (Smith and Kennedy, 1983). Unfortunately, the
temperatures encountered in subsurface environments often greatly exceed this
range, with the onset of oil formation occurring at temperatures of approximately
350K, and secondary cracking to gas being above 420K (Waples, |1980). As such,
the extrapolation of curves fitted to the empirical data must be used to account for
salinity effects on noble gas solubility in the range of interest of most hydrocarbon
systems, and represents a potential source of error in any derivative product. Recent
work on noble gas partitioning in COy-water systems show measurable deviations
from predicted behaviours in high-pressure environments (Warr et al., 2015b). In
most petroleum system investigations these deviations from ideality are unlikely to

affect the general outcomes of any models, but care must be taken when considering
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the precision with which they can be applied. Further work involving a combination

of empirical and model data will be crucial to refine these models in the future.

1.3.4 Terrestrial noble gas inventories

The atmosphere

Although small in size compared to the solid Earth, the majority of the Earth’s
primordial noble gases are held in the atmosphere (Porcelli and Ballentine, [2002).
The creation and evolution of the atmosphere is complex, and not yet fully
understood. Whilst it is likely that terrestrial bodies such as the Earth are able
to gravitationally capture volatiles from the proto-solar nebula during formation
(Pepin, 2006)), the atmosphere is clearly distinct from a solar composition (Brown,
1949). Alternative proposed methods of acquiring noble gases include adsorption
onto accumulating dust (Marrocchi et al., 2005; Marrocchi et al., [2011), or the
implantation by solar wind (Podosek et al., 2000). A contribution of volatile-rich
cometary material brought in during the late heavy bombardment has also been
suggested as a source of atmospheric noble gases (Owen et al., [1992; Dauphas,
2003; Holland et al., 2009).

The reasons for the atmosphere’s distinct noble gas composition are likely due to
the atmospheric losses experienced by the Earth during its early history. Whether
this occurred by aggregate catastrophic loss, or gradual escape of volatiles, is
still debated (Pepin, 2006; Pepin and Porcelli, [2006; Tucker and Mukhopadhyay,
2014)). However, the atmospheric composition of noble gases has been remarkably
constant over geological timescales. Whilst degassing of the solid Earth at volcanoes
and mid-ocean ridges releases mantle noble gases into the atmosphere, it is in
such small quantities as to be insignificant even over billions of years. However,
exceptions to this include isotopes with high radiogenic production such as *°Ar,
which are produced within the Earth to such an extent that solid Earth degassing can
influence atmospheric concentrations (Allegre et al.,[1996). Helium is gravitationally
unbound in the atmosphere. However, the loss into space is balanced by a volcanic

degassing flux from mid-ocean ridge, ocean-island, and subduction-related volcanism,
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resulting in an assumed steady-state helium concentration in the atmosphere
(Torgersen, 1989; Lupton and Evans, 2013). When considering most fluids in
the crust, and groundwater in particular, it is reasonable to assume that the
atmospheric noble gas composition has been constant over the timescale of their

introduction into the subsurface.
The hydrosphere

When in direct contact with the atmosphere, water will rapidly equilibrate with
air according to the processes detailed in the previous section. The solubilities
of the noble gases vary by element, meaning that at equilibrium the elemental
composition of the water is not air-like (Kipfer et al., |2002). However, isotopic
ratios of the individual noble gases are not significantly affected by equilibrium
partitioning. As the rules governing this partitioning and the variation with respect
to temperature, pressure, and salinity are well known, it is possible to calculate
the air-saturated water composition in any given environment. This composition is
crucial for noble gas analysis of hydrocarbon reservoirs, as a common assumption
in modelling and analysis is that all atmospherically derived noble gases in the
subsurface will be delivered in known quantities dissolved as air-saturated water
(ASW) through hydrocarbon-water interaction and noble gas partitioning.

One complication to this arises from empirical measurements of atmosphere-
derived noble gas concentrations in meteoric groundwater that have often been
found to be higher than the values predicted by Henry’s law equilibration. This
phenomenon is commonly referred to as ‘excess air’ (Herzberg and Mazor, 1979;
Heaton and Vogel, 1981). The behaviour of this excess air component is generally
consistent, with neon being the most strongly affected, and the heavier noble gases
proportionally less so. Theoretical models describing processes by which this can
occur have been developed, and refined over time to more closely match observations
(Stute et al., [1995; Ballentine and Hall, |1999; Aeschbach-Hertig et al., 2000). Whilst
these models differ slightly, they are based on the principle that excess air is

introduced into groundwater by the entrapment of air bubbles during fluctuations
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of the water table. A close fit to experimental observations is found by modeling
a closed-system equilibration of these bubbles (Aeschbach-Hertig et al., 2008)).
Within petroleum systems deposited under marine conditions, the groundwater
is likely to have a marine noble gas composition (Kipfer et al., 2002) and excess

air within these systems are not expected.
The mantle

The Earth’s mantle contains a high proportion of primordial noble gases. It is
introduced to the surface in CO,-rich volcanic gases that can permeate through the
crust or get released at mid-ocean ridges and volcanoes. The measured compositions
of these gases have distinctive high but variable *He/*He ratios. For example,
the well-mixed asthenospheric upper mantle, as sampled by depleted mid-ocean
ridge basalt (MORB) mantle ranges from 7-9 R, (Graham, 2002)), where the sub-
continental lithospheric mantle is defined as 6.1 £+ 2.1 (Day et al., 2015). In
contrast, many mantle plume regions extend as high as ~50R, (Stuart et al.,
2003). Likewise, the mantle is marked by high ?°Ne/??Ne ratios and “°Ar/3¢Ar
ratios (Sarda et al., [1988; Staudacher et al., [1989). Addition of mantle noble
gases into subsurface hydrocarbon accumulations, while not useful in the context
of origin and history of hydrocarbon gases, may be useful for constraining the
origin of non-hydrocarbon gases that in some cases accumulate concurrently in
the subsurface - particularly COy and Ny (Ballentine and Sherwood Lollar, 2002;
Ballentine et al., 2005} Gilfillan et al., 2009).

The crust

Due to their incompatibility in the mantle, the major radioactive elements involved
in noble gas production were partitioned heavily into the Earth’s crust during
planetary formation. These elements which include U, Th, and K, initiate the decay
chains that produce the radiogenic noble gas isotopes, principally *He, °Ar, ' Ne,
22Ne, and to a lesser extent some Xe and Kr isotopes. Whilst the crust is a complex
and heterogeneous system with inputs from many sources, crustal fluids are often

characterised by high concentrations of these radiogenic isotopes.
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These isotopes are produced within the minerals that make up the crust, but
can be released into the surrounding fluid systems (Bach et al., [1999). The extent
of this release is controlled by a number of factors including grain size, temperature,
and mineral alteration (Honda et al., [1982; Brooker et al., [1998; Baxter et al.,
2002). Lighter isotopes are more readily released at lower temperatures, and as
such the ratios of radiogenic isotopes (e.g. *He/?'Ne*, He/4Ar*) can be used to
determine temperatures of release (Torgersen et al., [1992).

In general, higher concentrations of radiogenically produced noble gas isotopes
reflect older systems that have been isolated for longer periods of time. Data from
fracture fluids in mines in Precambrian shields show concentrations that would have

taken billions of years to accumulate (Holland et al., |2013]).

1.3.5 Introduction of noble gases into the petroleum sys-
tem

Source-rock formation

The genesis of the petroleum system begins with the deposition of an organic carbon
rich sedimentary rock. Typically >1% total organic carbon (TOC) is considered
sufficient for a source-rock (Gluyas and Swarbrick, 2013)), although this can vary.
As organic carbon comes in a variety of forms, each of which has distinct chemical
behaviour in a petroleum system, these source-rocks are typically classified according
to their kerogen composition, as outlined in Table [I.5] The type of organic matter
that makes up source-rocks is of particular importance because it is this that
ultimately determines how oil or gas prone a source-rock is likely to be, as well
as the volume of hydrocarbons that can be generated from the source-rock on
a gram for gram basis (Peters and Cassa, 1994)). Laboratory simulation of this
naturally occurring process has been extensively investigated in hydrous pyrolysis
experiments, in which immature source-rock is heated under controlled conditions
to simulate the naturally-occurring process of petroleum formation (Peters, [1986;
Peters et al., [2015)). These and other experimental studies suggest that the presence

of water may be required during catagenesis and hydrocarbon generation to produce
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the compositions that we observe in nature (Lewan, |1993). Noble gases are more
soluble in oil than in water, and thus the formation of a liquid petroleum phase
within the source-rock will cause the partitioning of noble gases between it and the
surrounding water phase that remains in the rock (Ballentine et al., [1991)). The
water in this context is likely to not represent a significant volume given the prior
compaction and lithification of the source-rock. Given sufficient pressure generated
during the generation of hydrocarbons, oil may escape from the source-rock and as
such noble gases in the escaping fluid will evolve separately (described below) to
the noble gas signature of any retained oil. The extent of kerogen decomposition
can further affect the partitioning of noble gases, as the solubility of noble gases
has been shown to be positively correlated with the API of the oil (Kharaka and
Specht, 1988)). Given continued burial and increase in temperature, the retained
oil itself will begin to crack to gaseous hydrocarbons. The onset of gas generation
will further complicate this phase partitioning, as the noble gases have a strong
affinity for the gas phase when it is present. Furthermore, it is unclear how the
alteration of the source-rock composition will affect the noble gases stored within;
it is possible that any component adsorbed onto the organic carbon could be

released during thermal degradation.

Kerogen type Primary organic Depositional Principal generated
matter source  environment hydrocarbons

Type I (Sapropelic)  Algae Lacustrine Oil

Type II (Planktonic) Plankton Marine Oil + Gas

Type III (Humic) Plants Terrestrial Gas (+ Coal)

Table 1.5: The classification of source-rocks, after Gluyas and Swarbrick, 2013

Most noble gas studies to date have focussed on characterising or modelling
the inheritance and evolution of noble gases during migration and accumulation
in conventional reservoirs. However, key gaps exist in our understanding of
hydrocarbon generation and expulsion from source-rocks, and there have been
very few studies to date that have studied the evolution of noble gases during

hydrocarbon generation. Questions such as the role of water during hydrocarbon
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generation, the relative volumes of expelled versus retained oil and gas, and the
mechanisms of storage within the source-rocks (adsorption or as free gas within

porosity or fractures), remain elusive.
Primary migration

Primary migration is the initial expulsion of the generated hydrocarbons out
of the source-rock and into the surrounding crust. This occurs by thermally
activated diffusion of hydrocarbons through the residual organic-matter network
(Stainforth and Reinders, [1990). The rate of primary migration is an important
control on the total hydrocarbons produced from the source-rock, as well as the
extent of secondary cracking. The effects of primary migration on the noble gas
composition of the hydrocarbon phase are unclear. Although a thermal-diffusive
release mechanism may impart a mass-dependent kinetic fractionation signature onto
the noble gases, it has not been identified in real-world samples. It is possible that
the effect is small compared to that of other subsurface processes. Such processes
include the interaction of noble gases co-transported in or with hydrocarbons with
other fluids or the mechanisms and timescales associated with the movement of

hydrocarbons within the crust.
Secondary migration

The principal mechanism driving secondary migration is the buoyancy force due
to the density difference between petroleum and the surrounding water. This
driving force is balanced by the resistance provided from capillary entry pressure, a
function of the surrounding pore-size and permeability (Schowalter, 1979). Empirical
investigations into this process suggest that secondary migration likely occurs along
restricted pathways, often along structural boundaries, and proceeds rapidly on
geological timescales (Dembicki and Anderson, |1989). Fig. shows the migration
of hydrocarbons through a groundwater-saturated reservoir, and the potential inputs
of noble gas sources into the same groundwater. Once in contact the noble gases
are expected to equilibrate between the two phases quickly relative to geological

timescales (Ballentine et al., [2002).
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Secondary migration can occur laterally for up to 100’s of kilometres and
vertically through kilometres of groundwater-saturated strata (Demaison and
Huizinga, |1991)) and have profound effects on the noble gases in the system. The
migrating hydrocarbons can undergo phase partitioning with this surrounding
groundwater, and as the noble gases are more soluble in hydrocarbons than in
water, this can strip the groundwater of much of its noble gases (Ballentine et al.,
1996). This occurs via well-defined Henry’s-law solubility-dependent partitioning,
and forms the basis of a series of models that investigate hydrocarbon migration
using the varying solubilities of the noble gases (Zartman et al., |1961; Bosch and
Mazor, [1988; Ballentine et al., [1991). While this has yet to be discussed or tested
in studies performed to date, the evolution of noble gas signatures in hydrocarbons
in conventional systems is therefore likely to be dependent on the mechanism and
length scales of migration. In systems where migration occurs short over distances, it
is possible that hydrocarbons may encounter relatively limited volumes of water with
which to interact and partition noble gases (e.g. Ballentine et al., 1996). In contrast,
migration within hydrocarbon systems such as those of the foreland basins of the
Western Canadian Sedimentary basin may occur over tens or hundreds of kilometres
and as such will encounter significantly greater volumes of water. However, to date
there has been no thorough investigation into the effects of secondary migration
distance upon noble gas composition - if any such pattern exists it could prove an
invaluable tool in retroactively assessing migration distances and pathways.

The general effects of secondary migration on noble gases can be considered
by comparing the conventional systems with unconventional systems where no
secondary migration takes place. Fig. shows an overlapping but distinct grouping
of conventional and unconventional systems with respect to [*He] concentrations.
Conventional systems tend to have higher [*He| concentrations, which we speculate
could be due to interaction with large-scale aquifer systems during secondary
migration. Previous studies of conventional systems have shown some to contain
concentrations of radiogenic noble gases far higher than that possible by local

production, requiring input from regional systems (Ballentine et al., [1991)).
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Figure 1.2: Helium isotope ratio and concentration measurements from selected noble
gas studies of petroleum systems. 3He/*He ratios are reported relative to the atmospheric
ratio R,. The observed range of 3He/*He ratios and “He concentrations is controlled by
the regional geology and tectonic regime of the petroleum systems. The 3He/4He ratio of
a system is usually thought to comprise of 2-endmember mixing between crustal fluids
with a ratio of 0.01-0.02R,, and mantle fluids, which have a ratio of >8R,. Presence
of even small contributions of mantle fluids therefore increases *He/“He ratios above
normal crustal values, and is a feature of extensional tectonic regimes (Marty et al.,
1993). Concentrations of He are affected by several factors: radiogenic production of
4He occurs over time, meaning that older systems will have accumulated more *He; the
regional hydrogeology can also transport *He dissolved in groundwater into the petroleum
accumulations; finally, concentrations of all noble gases will be affected by the extent of
secondary cracking of hydrocarbons, as this effectively increases the relative volume of
hydrocarbon gases in the sample and dilutes the helium concentration. As is evident from
the data, different systems show distinct ratios and concentrations, and different amounts
of scatter show variations in homogeneity. Mixing lines are apparent in some systems,
such as the mantle-COs rich Bravo Dome; others show little or no pattern. Data are
broadly clustered according to the type of the system, conventional or unconventional, and
COg-rich. Data sources: Antrim Shale (Wen et al., 2015b)); San Juan coalbed methane
(Zhou et al., 2005); JM-Brown, Sheep Mountain, Jilin and Kismarja fields (Gilfillan et al.,
2008); Alberta field (Hiyagon and Kennedy, |1992)); Indus Basin (Battani et al., [2000);
Hugoton-Panhandle field (Ballentine and Sherwood Lollar, [2002); Bravo Dome (Ballentine
et al., 2005).
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Accumulation

The final stage in a conventional petroleum system is the migration of the hy-
drocarbons into a suitable structural or stratigraphic trap, with a low porosity
seal allowing an accumulation to form (Downey, 1984). Once in an accumulation,
there are still several processes that can allow further alteration of the noble gas
composition. The structure and fluid flow pathways that focused the hydrocarbon
migration into the trap are likely to allow fluids from other sources to also arrive at
the same location. It is therefore not unusual to see mixing and interaction with
COs-rich mantle-derived fluids, especially in tectonically active areas (Hooker et al.,
1985; Gilfillan et al., 2008; Gilfillan et al., [2009)). These mantle fluids have a distinct
elevated 3He/%He ratio, and so their presence in the hydrocarbon accumulation
is often, though not always, easily identified. Continued subsurface flow of and
interaction with groundwater can also transport noble gases from other parts of the
crust. In many cases this can lead to high concentrations of crustal radiogenic noble
gases that require contributions from a large fetch area or catchment (Ballentine

et al., [1991; Ballentine et al., |1996; Ballentine and Sherwood Lollar, 2002]).

Tertiary migration

Once in an accumulation, it is possible for the hydrocarbons to leak gradually
through the seal, or through mechanical structures such as faults (Wiprut and
Zoback, 2000). Evidence for this is apparent in the many natural hydrocarbon seeps
found both onshore and on the seafloor (Bojesen-Koefoed et al.,[1999; Hornafius et al.,
1999; Holzner et al., 2008)). It is possible to identify this loss of hydrocarbons within
the noble gas signature using a mass-balance approach if the input of noble gases
into the accumulation is well constrained. This is particularly notable in systems
that are filled to structural spill. A recent study by Barry et al., 2016 demonstrated
the sensitivity of noble gases to constraining the relative hydrocarbon volumes lost

from the Sleipner Vest reservoirs of the Norwegian North Sea through such a process



24 1.8. Literature Review

Unconventional systems

As the widespread commercial exploitation of unconventional systems is a relatively
recent phenomenon, there is a comparatively small compilation of literature de-
scribing the geochemical behaviour of these systems (Curtis, 2002). As source-rock
reservoirs typically have low porosity and hydrocarbons produced from these systems
have not undergone any prior migration, we might expect the noble gas signature
to be indigenous to the source-rock. However, it is clear that these are not perfectly
closed systems, as many source-rock reservoirs have generated hydrocarbons that
have migrated to form conventional systems (Curiale and Curtis, [2016)).

The behaviour of noble gases within unconventional systems is therefore likely
to be similar to that of noble gases within source-rocks, barring any drilling or
production-related effects. The lack of secondary migration should simplify the
factors affecting noble gases composition, as unknowns about the timing and rate

of migration can be eliminated.

1.3.6 Analysis of the petroleum system using noble gases

Early noble gas investigations

The presence of significant amounts of helium in natural gases was first observed
over 100 years ago (Cady and McFarland, 1906)). The first isotopic measurements of
noble gases were made nearly 50 years later, and established using *He/’Ar ratios
that the presence of high concentrations of radiogenic “He in natural gases was
not due to increased local “He production, but due to fluid migration transporting
He from off-structure (Zartman et al., 1961). Wasserburg et al., 1963| also used
measurements of natural gases to make early estimates of the terrestrial ‘He
degassing flux through the crust, and hence residence time in the atmosphere.
These pioneering studies highlighted the potential utility of noble gases to study
the origin and history of hydrocarbon and non-hydrocarbon fluids in sedimentary
basins, and formed the foundations for future studies targeting multiple elements

and processes of numerous hydrocarbon systems.
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The preparation of samples for noble gas analysis requires specialised equip-
ment and techniques compared to sample collection for traditional hydrocarbon
geochemical analyses, mostly to avoid air contamination. Concentrations of noble
gas species in air are significantly higher than those of typical crustal samples
(especially Ar and Ne), and so even very small air admixtures can have a large
impact on measured values even when present only at the ppm level (Barry et al.,
2016). Furthermore, the small size of the noble gas atoms means that they have
a much higher propensity to slowly leak across seals that are sufficient to hold
hydrocarbon compounds. Valved high-pressure cylinders are not considered to be
effective at maintaining the sample integrity required for noble gas analysis over
long periods of time. Typically noble gas hydrocarbon samples are collected at low
pressure in refrigeration-grade copper tubes that are either crimped or clamped

to make a helium-tight seal effective during transport and storage.
Endmember mixing models

Noble gases are introduced into the petroleum system from several distinct geochemi-
cal reservoirs, each with a distinct elemental and isotopic composition. Deconvolving
the contribution of different endmember compositions is a key step in beginning
to understand the subsurface environment of any petroleum system, and the
composition of any accumulations. The detection of mantle-rich fluids can be
used to gain insight into the geological history and connectivity of any accumulation.
Fig. shows that He isotope data reveal a grouping of COs-rich petroleum
accumulations that are associated with elevated 3He/*He isotope ratios, in which
this CO4 is postulated to have been derived from magmatic fluids passing through
the petroleum system (Gilfillan et al., 2009)).

For robust analysis of noble gas provenance by endmember mixing decomposition,
it is first crucial that the endmembers themselves are well defined. For some
systems, such as the atmosphere, this is certainly the case, however others can
be more complicated. The elemental composition of air-saturated groundwater

is dependent on temperature and salinity of recharge conditions, and these are
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often difficult to constrain. However the isotopic composition of each element is
unaffected by solubility partitioning, and for He and Ne, their solubilities are similar
enough that they can be considered equivalent in certain situations. Radiogenic
production ratios are well-known for average crust, although local parent-isotope
concentrations can cause significant deviations in some isotope ratios (Ballentine
and Burnard, 2002). For the mantle, isotope ratios (e.g., He/He) are reasonably
well constrained for different mantle compositions (MORB, OIB) and the fact
that these are orders of magnitude different to crustal endmembers makes the
uncertainty in them less significant.

Processes that can isotopically or elementally fractionate noble gases, such as
those detailed in the following sections, must be identified and taken into account.
For this reason, it is preferable to use isotopic ratios of the same element rather
than elemental ratios when calculating mixing fractions, as they are less affected
by solubility or mass dependent fractionation. As such, mantle contributions
to a petroleum system are usually deduced from 3He/*He ratios (Eq. [1.4), and

radiogenic contributions from 2°Ne/??Ne and *'Ne/??Ne ratios.

Rsample = fmantleRmantle + fradiogenicRradiogenic (14)

Example equation for deconvolving mantle helium contributions, where R denotes
a 3He/*He ratio, and f is the fractional contribution to the measured sample.

A further important use for calculations is the identification of any air con-
tamination in a sample, as even ppm levels of air within a sample can impact
measurements. Due to the varying concentrations of the noble gases in typical
crustal samples and air, certain isotopes are more sensitive to air contamination. For
example, the *He/?°Ne ratio is often used to identify atmospheric He contamination,
as all of the **Ne is assumed to be originally atmospheric in origin. A ‘He/*Ne
close to the air value of 0.32 suggests atmospheric contamination, as crustal samples
typically have values many orders of magnitude higher (Ballentine et al., [1996]).
However, as Ar is much more abundant in air than He, it takes a smaller amount

of air contamination to affect the “°Ar/36Ar ratios.
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Hydrocarbon-water interaction models

Water is a key component in all petroleum systems. It is present in the sediments
during burial (known as ‘connate’ or ‘formation water’), however groundwater can
also migrate through the system depending on the permeability and structural
configuration of reservoir lithologies or carrier beds. Understanding the interactions
between hydrocarbon and water phases can help give insight into the history of the
formation and migration of the hydrocarbons themselves, as well as their present
water contact. The present day water contact may be particularly important in
providing pressure support for the production of hydrocarbons at wells, and may
have implications for water breakthrough (Toth, |1980).

The noble gases have different solubilities in fluids, with the heavier noble gases
typically more soluble. This phenomenon has been demonstrated empirically in
noble gas investigations of groundwaters, where Xe and Kr are enriched relative to
their atmospheric abundances (Mazor, 1972)). Theoretically it should be possible to
predict the partitioning behaviour for the noble gases between any fluid phases in
the subsurface, such as water and oil or gas. This has led to the development of
models describing the partitioning of the noble gases between water and oil/gas
phases in the subsurface.

These models make a series of assumptions. Firstly, they assume that the
hydrocarbon phase is initially devoid of noble gases and only inherits an atmospheric
noble gas inventory through interaction with air-saturated water (ASW) in the
subsurface post expulsion from the source-rock (i.e. hydrocarbons in source-rocks
do not contain any noble gases). These models also typically assume that an initial
composition of atmosphere-derived noble gases is present in groundwater, which is
well constrained over a range of temperatures and salinities (Kipfer et al., 2002]).
Isotopes for each gas are chosen which have no significant radiogenic production in
the subsurface (*°Ne, 3¢Ar, 3 Kr, 139Xe), so that the total amount of each isotope
present in the system is constant. These isotopes have previously been used as tracers
in the investigation of groundwater circulation patterns (Castro et al.,|1998a; Castro

et al., 1998Db). Helium is typically not considered in these models as *He is produced
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radiogenically in large amounts, and atmosphere-derived *He in the subsurface is
negligible. Furthermore, the solubilities of He and Ne are often indistinguishable
at crustal pressures and temperatures, meaning that little new information would
be gained regardless. In systems with negligible fissiogenic Xe, 132Xe is often used
instead of 13°Xe, as it is present in higher quantities at atmospheric ratios. The
result from these assumptions is that measurement of the atmosphere-derived noble
gas isotopes in one phase of the subsurface system allows the volume ratios and
partitioning behaviour of the entire system to be reconstructed.

The fundamentals of this approach were originally laid out by Bosch and Mazor,
1988, who used the isotope ratios of atmosphere-derived Ne/Ar, Kr/Ar, and Xe/Ar
to predict partitioning patterns in water-oil and water-gas systems. Ballentine
et al., [1996| used atmosphere-derived 2°Ne /3¢ Ar ratios measured in the North Sea
Magnus oilfield to quantitatively estimate oil/water volume ratios (V,/V,,). The
technique is similarly applicable to predict gas/water volume ratios (V,/V,,) in

gas-dominated petroleum systems, as shown in the following equation.

Vv QONf KAr
i
/g

Where K; is the Henry’s coefficient of noble gas ¢ in water at reservoir conditions,
and the subscript asw refers to the air-saturated water composition of groundwater
recharge. For oil-water systems V,/V, is calculated analogously to the above
equation, but using the ratio of the Henry’s coefficients of oil and water, instead
of simply water.

This concept was modified by (Zaikowski and Spangler, 1990), who used Ne/Ar
ratios combined with absolute 36Ar concentrations to predict the evolution of
groundwater in contact with varying gas volumes. Using absolute concentrations has
the added complexity of uncertainties that arise from the conversion of concentration
at STP to reservoir temperature and pressure than using ratios, but can provide
an additional constraint on water-gas ratio volumes. Furthermore, at gas/water

ratios of over 0.01, effectively 100% of the noble gases are partitioned into the gas
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phase, making ratios insensitive to changes in V,/V,,. Concentrations however
will still be diluted by the addition of more hydrocarbons, making them more
effective at determining V,/V,, in these scenarios. The formulation for calculating

V,/V,, using concentrations is as follows.

v, Ci, 1
—= = _ 1.6
Vo C K, (1.6)

Where C'is the concentration of the noble gas i in a particular phase, and K; is
the Henry’s coefficient in water at reservoir conditions. Units for Henry’s coefficient
must be chosen to complement the units used for concentrations in the water and
gas phases. For oil-water systems, again the ratio of Henry’s coefficients is used.

The models and equations described thus far are applicable to a simple 2-
phase static closed system. In reality, petroleum systems are often more complex,
exhibiting open system behaviour in the form of reservoir leakage, gradual noble
gas stripping by previous migrating hydrocarbons and dual hydrocarbon phase
accumulations (e.g. reservoired oil with a gas cap). These more complex scenarios
can be accounted for by using mass-balance for hydrocarbon loss and/or partition-
ing, or Rayleigh fractionation to describe gradual processes (Zhou et al., 2005)).
The context of the specific system will dictate which model is most appropriate.
For example, Barry et al., [2016] use compound models to describe volume ratio
interactions in both open and closed systems from the Sleipner field, North Sea.

A graphical representation of this approach is shown in Fig. [I.3] illustrating the
different distributions of atmosphere-derived noble gases for both gas-water and
oil-water systems. Examples of data from previous studies are shown in Fig. [1.4]
which shows the observed ranges of 2°Ne/3¢Ar from real world gas and oil systems.
It is also clear that whilst the behaviour #Kr/3*¢Ar and '3"Xe /3¢ Ar should follow
directly from the measured **Ne/3¢Ar, it is frequently observed at elevated levels
and therefore usually not considered for quantitative volume ratio calculations.

The practical applications of this approach include measuring the extent of
groundwater interaction with a known hydrocarbon phase, which can provide

insight into migration patterns and regional subsurface fluid flow regimes (Bosch
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and Mazor, [1988; Ballentine et al., [1996). The extent of groundwater interaction
also has implications for the quality of the hydrocarbons present. The dissolution
and removal of soluble hydrocarbons by persistent groundwater flow (also known as
‘water-washing’) can have a negative impact on the quality of the accumulated oil
(Lafargue and Barker, [1988). Furthermore, the movement of groundwater through
the system can introduce and maintain microbial communities, which can biodegrade
oil, or produce microbial methane (Leahy and Colwell, [1990; Horstad et al.,|1992).

The accuracy and precision that arise from the application of this technique is
somewhat limited by its input parameters. As detailed in previous sections, the
Henry’s law solubility of noble gases is dependent on temperature, pressure, salinity
(for water), and API gravity (for oil). These relationships are non-linear and must
be empirically derived, with some parameters often needing to be extrapolated from
empirical data to match reservoir conditions. Additionally, the initial composition
of air-saturated groundwater is similarly dependent on temperature and salinity
conditions when it is formed at the surface during aquifer recharge. As groundwater
associated with hydrocarbon systems can be millions of years old, it can be difficult to
predict what these surface conditions would have been, but the generic assumption
is made that perturbations in the noble gas composition caused by petroleum
system processing is far larger than any uncertainty in initial composition. As
the increase in quality data sets from case studies increases, it is interesting to
note that data inversion techniques are starting to be used to reconstruct surface
conditions and demonstrate that some systems can preserve these signals over

many millions of years (Barry et al., 2017).
Dating by radiogenic ingrowth

The dating of groundwaters using the decay and production of noble gas isotopes
is a well-established technique, albeit with many assumptions. Whilst several
different methods exist, each appropriate for different timescales or systems, the
most widely investigated, and most appropriate for typical basinal fluid timescales,

is the accumulation of stable radiogenic “He and “°Ar (Torgersen and Clarke, |1985;
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Figure 1.3: Model for the distribution of atmosphere-derived noble gases (ANG) in
subsurface partitioning between water and oil/gas phases, after Bosch and Mazor, [1988.
All values are normalised to the air-saturated water (ASW) reference, which is assumed to
be the initial composition of groundwater in the subsurface. Upon first interaction with a
small gas volume (V,/V,, = 0) the different solubilities of the noble gases cause different
amounts of exsolution into the gas. The composition of the gas volume at V,/V,, = 0 will
be that defined by the gas-water interaction line. As the gas volume, and consequently
Vg4/Vy increases, the proportion of noble gases in the gas volume increases, and the
composition of the gas will evolve back towards the initial ASW values, as shown by the
arrows. In a closed system, the gas remains in contact with the water, and as V,/V,,
increases the noble gases will eventually be ~100% in the gas phase, resulting in the
gas phase having the initial ASW composition. In an open system, where gas is able to
escape, the remaining water can become highly fractionated, and eventually the noble
gases exsolving from this water will evolve to compositions beyond the ASW line. In
this way the ANG’s can be used to assess to what extent a system is open or closed
(i.e. how much gas is potentially escaping from the system). Furthermore, quantitative
V4/V.y ratios can be calculated from this method (see text). In an oil system, the same
method applies. The initial gas-water and oil-water interaction lines were calculated for
an initial ASW composition of zero salinity at STP (Kipfer et al., |[2002), and the phase
partitioning occurring at a reservoir temperature of 100°C. Choosing different initial ASW
and reservoir conditions can substantially affect the magnitude of fractionation upon
partitioning.
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Figure 1.4: Selected data displayed on the ANG composition chart described in Fig. E Shaded areas correspond to the gas-oil and
water-oil partitioning lines described in Fig. [I.3] although as these lines are sensitive to temperature, pressure and salinity both in the
reservoir and at initial groundwater recharge conditions, the actual partitioning lines will vary for each system. The Hula Valley and
Ashdod-Sadot systems (Bosch and Mazor, |1988) show similar elevated 2°Ne/30 Ar ratios suggesting gas-water partitioning with small Vg/Vw,
although enrichments in Kr and Xe vary. The Helez-Kokhav oil system (Kennedy et al., 1990) shows partitioning in the direction of the
oil-water line, suggesting a low V,/V,,. The San Juan coalbed methane (Zhou et al., 2005) shows a gas system fractionated strongly away
from the gas-water line past the ASW reference. This is potentially indicative of an open system with significant gas loss, or some other
mechanism fractionating the noble gases. The Elk Hills system (Torgersen and Kennedy, 1999) shows 2°Ne/36Ar values expected for a gas
system, although the 8 Kr/36Ar and '3°Xe/36Ar are highly enriched. The Alberta system (Hiyagon and Kennedy, [1992) is described in the
caption to Fig. [[.2] A common observation amongst the different systems is an enrichment in atmospheric Kr and Xe compared to the
values predicted from the 2°Ne/36Ar partitioning. The extent of this enrichment is variable, although it is often suggested to derive from an
adsorbed component within the source-rock.
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Marty et al., [1993; Tolstikhin et al., 1996} Castro et al., |1998a} Castro et al.,
1998b; Mahara et al., 2009). A similar technique using fissiogenic Xe production
is possible, but is only applicable in very old samples (>100Ma) due to the slow
accumulation rate (Holland et al., 2013). By using the partitioning laws described in
the previous section, it is possible to indirectly date the groundwater associated with
a petroleum system by measuring the noble gases in the hydrocarbon phase (Zhou
and Ballentine, 2006). The importance of groundwater involvement in petroleum
systems is detailed in the above section, and constraining the age is a crucial step
in resolving the groundwater-hydrocarbon interaction.

The basis for all of these models is to deconvolve the noble gases produced in
situ within the system from those present initially in the groundwater, and those
brought in from external fluxes. The in situ concentration is then compared with
the theoretical production rates (calculated from parent isotope concentrations and

decay constants) to give the necessary time for this concentration to accumulate.

[4H€]total - [4H€]in—situproduction + [4H6]asw + [4H6]emternalflux (17)

Where total is the total reconstructed concentration in associated groundwater,
ASW is the initial concentration in air-saturated groundwater recharge, in situ
production is the amount produced in place over the lifetime of the system, and
external flux denotes the amount brought in from external sources. The closure
age of the system can then be calculated using the following parameterization,
after Torgersen, 1980

JA(1 —
[4H€]infsituproduction == w Xt (18)

Where p is the density of the rock, J is the in situ production of *He (in
ecmSTPg™!), A is a parameter describing the efficiency of transfer of produced
4He from mineral to surrounding fluid, where 0 < A < 1, and ® is porosity.
The residence time of the groundwater in the system is ¢. A is thought to be

approximately 1 over geological timescales (Ballentine and Burnard, 2002)). J is
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calculated as a function of the concentrations of U and Th in the surrounding

rocks, after Craig and Lupton, [1976.

J(*He) = 0.2355 x 107° x [U](1 + 0.123([[?]] —4)) (1.9)

Analogous equations can be formulated for the production of *°Ar, or any
other radiogenic or nucleogenic isotope.

The principal uncertainty in groundwater dating is the term accounting for
external flux of radiogenically produced isotopes. Radiogenic concentrations in
excess of those that can be reasonably explained by in situ production are frequently
observed in groundwater and hydrocarbon systems (Torgersen and Ivey, 1985;
Takahata and Sano, 2000). Several studies suggest that this is due to a universal
continental degassing flux from the deep crust, whilst others have suggested a
more variable input from old isolated fluid bodies or mineral degassing during
alteration (Torgersen and Clarke, 1985} Solomon et al., [1996; Tolstikhin et al.,
1996; Patriarche et al., 2004) or due to thermal perturbation of old continental
crust (Ballentine et al., |2002; Lowenstern et al., 2014)). The exact impacts of these
various factors are probably dependent on basin-scale hydrogeological behaviours,
and as such knowledge of the basin structure and history are crucial during these
calculations and subsequent interpretations.

Zhou and Ballentine, 2006/ considered data from 3 previous studies to investigate
4He ages of hydrocarbon associated groundwater In the San Juan basin, biogenic
coalbed methane play *He ages were found to be dependent on distance from
recharge at the basin margin. Making an argument that the biogenic degradation
of the coal is related to groundwater age enabled a biogenic gas production rate
to be calculated, and is in reasonable agreement with biogenic gas production
rates estimated using a similar approach in the Antrim Shales, Illinois basin, USA
(Schlegel et al., 2011). *He ages from the North Sea Magnus oilfield gave values
of ~2Ma, which when compared with the age of the reservoir (~150Ma) to suggest
the influence of formation water has been relatively minor. The He-rich Hugoton-

Panhandle gas field in the Southern US yielded slightly older *He groundwater
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ages of around 4Ma. This is still relatively young compared to the estimated age
of the petroleum system, and is interpreted to be more representative of the ages
of groundwaters bringing in the high He concentrations, indicating a relatively
recent injection of commercial He.

Dating of groundwaters associated with natural gases in the Piceance basin,
Colorado, has also been undertaken by McMahon et al., 2013. They were able
to identify a range of groundwater ages using *He dating in conjunction with 4C
dating. This was used to show the compartmentalisation of the field into areas with
different ages, with differences in gas composition between the areas. Similarly, the
“He ages determined by Schlegel et al., [2011], in the Illinois basin, showed older
groundwater ages associated with thermogenic methane, whilst younger ages were
associated with microbially generated methane. This suggests noble gas ages have

the potential to constrain the onset and extent of microbial methane generation.
Unconventional systems

The rapid expansion of unconventional source-rock reservoir hydrocarbon production
over the last decade has created an opportunity for the development of new
noble gas techniques to advance our understanding of the mechanisms involved
in unconventional oil and gas generation, storage, and production (Curiale and
Curtis, [2016)). As unconventional hydrocarbons are generated and produced in situ,
with no secondary migration, the pressure-temperature histories of the systems are
better constrained, and the noble gas signatures are likely to be less influenced
by basin-scale fluid flow regimes. Furthermore, the retention of hydrocarbons
within the source-rock allows for the initial noble gas composition of hydrocarbons
to be measured directly. This could have important implications for the study
of conventional systems, where the initial hydrocarbon noble gas composition is
often assumed to be negligible.

Tantalising insights into the potential behaviour of noble gases in source-rocks
were found in an investigation into biogenic coalbed methane in the San Juan system

(Zhou et al., 2005)). The produced gases were observed to be highly enriched in
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atmosphere derived Xe, and to a lesser extent Kr. This effect was suggested to be due
to preferential sorption of heavy noble gases onto the organic-carbon rich sediments,
a phenomenon that has been observed experimentally in laboratory simulations
(Fanale and Cannon, 1971 Podosek et al., |1981]) and observed previously in other
hydrocarbon systems (Torgersen and Kennedy, 1999). Variable fractionation was
also observed in both 2°Ne/??Ne and 3®Ar /3¢ Ar isotope ratios, consistent with kinetic
mass-dependent fractionation. This is proposed to be due to concentration gradients
created during gas production imparting a diffusive effect on the produced gas.

An investigation into Marcellus shale gases by Hunt et al., 2012, showed that the
gases could be separated into distinct groups with different thermal maturities, based
on their radiogenic/nucelogenic noble gas contents. The ‘He/*Ar* and 2'Ne* /40 Ar*
ratios (where * indicates the radiogenic component)both showed a distinct grouping
that correlated with thermal maturity, suggesting that the temperatures experienced
by the source-rocks affected the release of radiogenically produced noble gases
into the surrounding fluids (e.g. Ballentine et al., |1996). Whilst there are more
practical ways of identifying gas maturity, this shows the possibility for using
noble gases to track the extent of gas release with temperature, unaffected by
chemical or biological effects.

The Antrim shale-gas play has also been investigated by Wen et al., 2015bl
Trace amounts of mantle fluids were detected using He/*He isotope ratios, and “He
groundwater ages were relatively young (>250ka), coinciding with past glaciations.
Both of these findings suggest that despite the low porosity of the rocks, groundwater
and other fluids are still able to permeate the system. However, the Antrim shale
is naturally fractured to a much greater extent than typical unconventional shale-
gas systems, which could artificially increase permeability and hence local fluid
flow (Apotria et al., |1994; Ryder, [1996)). Further observations from this study
include variable Ne isotopes exhibiting scatter in the mass-dependent fractionation
directions, similar to the San Juan basin; whether this is a signal common to all

unconventional systems is not yet known.
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Measured data from unconventional studies are shown alongside those from
conventional systems in figures [I.2] and [1.6] Helium isotopes show lower
“He concentrations compared to conventional systems, and no significant mantle
contributions. Neon isotopes in both datasets show no significant radiogenic contri-
bution but high levels of scatter along mass-dependent fractionation trajectories.
10Ar /35 Ar isotopes ratios show little variation in unconventional systems, but large
ranges in 3°Ar concentration compared to conventional systems. This pattern
potentially reflects heterogeneity in production when compared to conventional
accumulations, caused by lower permeability and connectivity within the source-rock
reservoir. However, more datasets are needed to draw any robust conclusions. It
is also important to note that both the San Juan and Antrim shale systems
would be considered far from typical for unconventional source-rock reservoir
production. The San Juan is a biogenic coalbed methane rather than a more
common thermogenic shale gas, and the Antrim system also has a significant
biogenic component, and has been highly fractured by recent glaciation events.
For a detailed discussion of nomenclature and classification of unconventional
systems, see Curiale and Curtis, 2016,

Studies of noble gases in produced unconventional hydrocarbons are still rel-
atively sparse (Moore et al., 2018), there have been several noble gas studies of
the groundwaters associated with unconventional systems, primarily for assessing
environmental impact on aquifers. Of these, Darrah et al., 2014, Darrah et al., [2015
and Jackson et al.; 2013, have shown the utility of noble gases in discriminating
between anthropogenic hydrocarbon contamination of drinking water aquifers, and

natural hydrocarbon migration in subsurface brines.

1.3.7 Summary

Despite years of investigation and a number of notable publications in the field,
noble gases are still not used as a routine geochemical analytical tool in hydrocarbon
systems, in the manner of C or H isotopes. Partly this is due to the expense and

difficulty of making the measurements themselves, but it is also due to the complex
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Figure 1.5: Neon 3-isotope plot for selected noble gas studies of petroleum systems. Neon isotopes are conventionally thought of as a
3-endmember mixing system, with crustal radiogenic production and mantle mixing lines shown. In crustal systems, both 2!Ne and ?2Ne are
produced radiogenically, resulting in alteration of the isotope ratios along the crustal evolution line defined in Kennedy et al., 1990 The
Bravo Dome system shows radiogenic ingrowth in addition to mixing with a mantle Ne endmember (Ballentine et al., 2005). Additionally,
mass-dependent fractionation of the system can cause the isotopes to evolve along the mass-fractionation line in either direction, consistent
with data observed in both the Antrim and San Juan systems. Both of these systems are unconventional, the San Juan being a coalbed
methane system, and the Antrim a more typical shale gas play. The Bravo Dome system is rich in CO2 that is interpreted to be sourced
from mantle fluids; the neon isotopes clearly show mixing with a mantle endmember. Data sources: Antrim Shale (Wen et al., 2015b);
San Juan coalbed methane (Zhou et al., 2005); Bravo Dome (Ballentine et al., 2005); Paris Basin (Pinti and Marty, [1995); Vienna Basin
(Ballentine and O’Nions, 1992); Alberta, Tucamari, and Ataco-Morrow (Kennedy et al.,|1990).
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nature of interpreting noble gas results and the necessity of having proper context to
do so. Whilst calculating absolute V,/V,, ratios and *He and “®Ar ages represents
significant progress towards quantifying fluid exchange and accumulation within
a system, it is still not always intuitive what these numbers actually represent.
For V,/V,, and V,/V,, ratios it is not necessarily the ratio of gas to water in the
accumulation itself, but rather the entire history of hydrocarbon-water interaction
within the system (e.g., during migration from the source-rock to the accumulation).
In this way they should be considered not as an alternative to geological observations,
but as an additional constraint to complement existing techniques.

A key step in the development of the noble gas toolkit is the continued acquisition
and compilation of case studies. Although petroleum systems can be broadly
categorised they are all unique, which potentially provides great future utility
for identifying the source and history of a hydrocarbon reservoir. Comparison
between different systems will allow universal patterns between similar systems to be
discerned from local effects particular to that location. This in turn will allow more
robust conclusions to be drawn in a more straightforward fashion from new studies.

In the study of unconventional systems, it remains unclear which questions
noble gases will be most suited to answer. Will the adaptation and application of
existing conventional system tools be appropriate, or will new approaches need to
be formulated entirely? The isolation of any Xe-enriched sedimentary component,
and the controls on this process should be a preliminary goal. This may lead to
insights into the mechanisms controlling gas storage within organic-rich sediment;
the importance of adsorption versus free gas stored in porosity could help explain
extent of gas generation and recoverability. As previously mentioned, constraining
the noble gas characteristics of source-rocks could also help refine groundwater
models in conventional systems. Indeed, fluid interaction models could also have
some utility in unconventional systems themselves. Previous studies have shown
that despite their low permeability, groundwater-derived noble gases and mantle
fluids are present within produced gases. Unconventional systems are known to

expel some generated hydrocarbons, as many simultaneously act as source-rocks
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for conventional accumulations (Robison, |1997). Noble gases could be used to
shed light on the mechanisms controlling gas release versus retention within the
source-rock, effectively helping predict the volumes of hydrocarbons present in a
source-rock while simultaneously providing constraints on potential volumes in
associated conventional petroleum accumulations.

The promise of being able to geochemically decode the physical structure and
history of a petroleum system is a tantalising prospect. Although theoretically
straightforward, this goal is complicated by the vagaries of any natural system.
Completion of further data-rich studies on a wide range of different systems should
be aided by improvements in experimental technology. Past investigations were
typically focused on a few specific isotopes, it is now possible to routinely measure
all naturally occurring noble gas isotopes in a single sample. The acquisition of
accurate data for less-studied isotopes such as those of Kr and Xe could lead to
development of new investigative techniques as well as the corroboration of existing
ideas. Integration of this data will help investigations of individual systems to be
generalised into overarching patterns applicable to all petroleum systems, at which

point noble gas analysis can become less descriptive, and more predictive.

1.4 Methodology

1.4.1 Sample collection

Samples for this work were collected from 3 distinct sources: natural gas wells,
geothermal wells, and fumaroles. The basic sample collection method is identical
for all sample sources, and is based on the well-established technique described
in Weiss, [1968. Gas is flushed through a hose and into refrigeration-grade copper
tubes which are subsequently sealed using steel clamps to form a cold-weld that
ensures no leaking of noble gases across the seal (even for He). For natural gas
wells and geothermal wells, the gas was fed through a 2-stage regulator in order to
decrease the pressure to 1-2bar, and then connected with tygon tubing to copper
tubes connected in series to enable duplicate collection. The exhaust was then

submerged in water to prevent the backflow of air into the copper tubes, and the
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gas was flushed through for 10 minutes to ensure the complete removal of air. The
copper tubes were then clamped starting from the point closest to the exhaust and
working back towards the well, sealing the sample gas inside the copper tubes. For
fumaroles the method is similar except that the gas is entrained into the sample
apparatus using a funnel, and depending on the flow rate of gas the copper tubes
may need to be flushed for a longer period of time to ensure the removal of air. An

illustration of the sample collection method is provided in Fig.

wellhead

regulator

Figure 1.7: Schematic representation of noble gas sample collection from a wellhead,
using 2 Cu tubes in series for duplicate collection. Gas will be stepped down from well
pressure to ~2bar and flushed through the setup for ~10 minutes to remove air. Exhaust
is submerged in water to exclude the possibility of air backflowing into the sample tubes.
After flushing, the clamps would be closed starting from the right and moving to the left
in the layout shown.

1.4.2 Sample analysis

The principal method employed in the collection of data for this thesis was the
analysis of the isotopic composition of the noble gases in gas-phase samples. This
was undertaken at the Noble Laboratory in the Oxford University Dept. of Earth
Sciences. The equipment used consists of an extraction line attached to 2 mass
spectrometers, a Helix SFT and an Argus VI, both manufactured by Thermo
Fisher Scientific. The Helix SF'T has a 2-collector setup including one Faraday
detector and one electron multiplier (SEM), an internal volume of 1400cm?, and

a mass-resolution of ~700 for the SEM. This setup is specialised for measurement



1. Introduction 43

of He isotopes, with the 2 collectors allowing simultaneous measurement of *He
on the Faraday detector and the low-abundance *He on the more sensitive SEM.
The high mass-resolution also allows separation of the 3He peak from deuterium-
substituted diatomic hydrogen (HD). The Argus VI is designed primarily for Ar
isotope measurement, and combines a low internal volume of 700cm?® with a detector
array of 5 Faradays and 1 SEM. Our measurement protocol utilises the Argus
for measurement of Ne, Ar, Kr and Xe isotopes, allowing the measurement of all
23 stable noble gas isotopes in a single sample run. As Kr and Xe have 6 and
9 stable isotopes respectively, they must be measured on the Argus using peak-
jumping. For comprehensive reviews of the fundamental principles of noble gas mass
spectrometry see Reynolds, [1956; Nier, 1981; Stacey et al., |1981; Takaoka, [1983;
Burnard and Farley, 2000/ and Morgan, 2015, For papers detailing the specification
and performance of the Argus and Helix SFT instruments used in this work, see
Mark et al., [2009| and Mabry et al., 2012 respectively.

Prior to analysis, samples must be purified to remove all reactive gases, and
then the different noble gas elements separated out cryogenically. For this purpose
we use a custom-built extraction line containing a series of getters and cryogenic
traps. A schematic representation of the extraction line is shown in Fig. [I.§] The
extraction and purification protocol was developed during the first stage of this
work, and minor subsequent refinements and modifications have been made since.

The basic sample measurement protocol is as follows:

« Sample is inlet into the calibrated volume, where pressure response is measured
on the 1000Torr baratron. Valve O4 is closed so as to isolate the sample in

the calibrated volume plus sample pipette.

e The sample is expanded into the volume containing the Ti getter, held at

950°C using an external furnace (10 mins).

o The furnace is removed and the sample is left within the Ti getter volume as

it cools to room temperature (10 mins).



Oil bench

Furnace

1.4. Methodology

Argus
inlet -

Prep bench

- e o = o o = == d

Figure 1.8: Schematic representation of the extraction line used for noble gas isotope measurements in this work. The section of the line
between valves O4 and O5 is referred to as the ‘calibrated volume’ in the text, and has been measured to enclose 69.7cm?. Gauge icons

represent baratrons used for measuring pressure within the line.
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o The sample is further expanded into the dual-getter system (SAES NP10 and

GP50) for further removal of reactive gases (10 mins).

o Valve Q1 is closed so as to isolate a small aliquot of the sample in the
quadrupole pipette. The remainder of the sample is expanded into the water

trap, held at 180K (10 mins).

e The aliquot in the quadrupole pipette is expanded into the quadrupole and
analysed for a first-order measurement of the bulk noble gas composition of
the sample. This allows an estimation of the amount of sample which should

be inlet into the mass spectrometers.

o The sample is expanded into the stainless-steel 24K trap(so-called due to its
minimum attainable temperature), held at ~24K. This freezes Ar, Kr and Xe,

but not He or Ne (10 mins).

e The sample is expanded into the charcoal 10K trap, held at ~10K. This freezes
He and Ne onto the trap (10 mins).

» Valve C2 is closed to isolate the sample in the cryogenic traps. The oil bench

can now be prepared to run the next sample.

e The 10K trap is raised to 34K, releasing He into the prep bench manifold
(10 mins). If necessary, the amount of He can be cut down by isolating the
Aux2 volume, pumping the manifold through valve P2, and subsequently

re-expanding from the Aux2 volume.

o He is inlet into the Helix SFT instrument for measurement. The remaining

He is pumped away.
o The 10K trap is raised to 90K, releasing Ne into the prep manifold (10 mins).

o Ne is inlet into the Argus for measurement. During measurement the 10K
trap is heated to 300K and the remaining Ne pumped away. Simultaneously

the 24K trap is heated to 200K, releasing the heavy noble gases.
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o An aliquot of the heavy noble gases is isolated between valves P3 and Aux2.
This is then expanded into the prep manifold and the air pipette. The
air pipette is then isolated and the remainder of the aliquot pumped away.
This cuts down the amount of Ar which is typically present in much higher

abundance than the other noble gases.

e The air pipette is expanded back into the prep manifold and inlet into the

Argus for measurement of Ar.

o The remaining heavy noble gases in the 24K trap are frozen back down at
52K, where Kr and Xe are frozen but Ar is not. The Ar is then pumped away
through the prep manifold. To ensure complete removal of Ar, the 24K trap
is cycled between 52K and 70K 3 times, each time pumping away the Ar at
52K.

o The 24K trap is finally heated to 200K, releasing Kr and Xe, which are
expanded into the prep manifold and inlet into the Argus for simultaneous

measurement of Kr and Xe.

The samples are normalised to the air standard by running procedural air
standards from the air bottle by the sample inlet using the exact same protocol
as that of sample measurements. Reproducibility of the mass spectrometers was
monitored by running nightly automated standards from the prep bench air bottle.
The mass resolution of the Argus is insufficient to resolve key interferences during
the measurement of Ne, specifically the interferences of “°Art* with °Ne and that
of ¥CO5 " with ?2Ne. Therefore, ®°Ar* and **COJ were also monitored during
Ne isotope measurement. A correction factor was applied to remove the effect of
WA+t following Niedermann et al., (1993, and **CO3 ™ levels were found to be
insignificant for all samples measured as part of this work.

Errors are reported associated with all noble gas isotope ratios and abundance
measurements. These are derived from the external reproducibility of the daily

standards run on the mass spectrometer system, as well as associated uncertainties
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in parameters required to calculate concentrations or isotope ratios from raw

signal intensities.

Ost [sm Vstpst

Csm -
Ist ‘/smpsm

(1.10)

For example, the calculation of a concentration measurement is shown in Eq.
(1.10), where C' is concentration, [ is signal intensity as measured on the mass
spectrometer, V' and p are the volume and pressure of gas run, combining to
represent the number of moles of gas run. The subscripts sm and st indicate
the unknown sample and known standard respectively. Uncertainty in Cg,, is
calculated by standard error propagation methods (summation in quadrature) using
the uncertainties in the input parameters. Uncertainty in V' is typically not required
as the same volume of sample and standard are run, and so V' can be cancelled.
Regardless the volumes of the different parts of the line used for sample input are
well-calibrated. The pressure is measured on a baratron at the sample/standard
inlet, which shows a digital readout and the uncertainty is taken from the last stable
digit in the digital readout, which is typically < 1%. The uncertainty in I comprises
the internal precision taken from the extrapolation of signal measurement within
the mass spectrometer, and the external reproducibility of daily air standards run.
This is typically dominated by the external reproducibility, which varies for different
isotopes but is typically several percent. As such the computed error in C,,, is
typically dominated by the variability in daily standards run over the course of
a sample suite being measured. This results in a similar relative error for most
values reported in this thesis. This method however does not account for counting
statistic effects that may be experienced when measuring extreme ratios on an
SEM (such as very low 3He signal in strongly radiogenic samples), as such the

error may be underestimated for these extreme ratios.
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Abstract

The recent proliferation of tight or unconventional petroleum bearing reservoirs
as an energy resource enables a more detailed investigation of the geochemical
behaviour of these systems. In addition, it provides an opportunity to improve our

understanding of low-permeability crustal fluid systems at depth. Organic-rich shales
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are not only the source-rocks in conventional petroleum systems, but potential seals,
which may be important for the trapping and storage of CO5 and/or nuclear waste.
The use of noble gas isotopes as tracers of fluid provenance and physical exchange
processes is well established in other crustal fluid systems. Noble gas concentrations
and isotopic characteristics were determined in 10 natural gas samples produced
from the Eagle Ford shale, Texas, along with the concentration and §'3C and D
of hydrocarbon gases. By sampling gases produced directly from unconventional
reservoirs we are able to determine their residence time and the extent of interaction
of these fluids with other fluids in the wider hydrogeological system. The large
range in thermal maturity exhibited across the basin, as demonstrated by the
range in §'3C of methane from -37.8 to -47.5%0 VPDB, allows us to constrain
the evolution of the noble gas signature within a source-rock during hydrocarbon
generation and expulsion. For the first time, we show that *¢Ar concentrations in
hydrocarbon gases are not simply controlled by solubility exchange with formation
water. Instead, they are shown to decrease dramatically (from 2.6 x 1077 to
7.0 x 107 %cm3STPcm™3) with increasing thermal maturity, which we attribute
to a dilution effect as more short-chain hydrocarbon compounds are generated
through cracking of kerogen and secondary cracking of oil. We develop a model
that combines 9Ar concentrations with §3C data in order to quantify the retention
capacity for generated hydrocarbons, and show that between 40 to 80% of the
hydrocarbons generated by the Eagle Ford shale are retained within the formation.
We also calculate that radiogenic *He concentrations within the Eagle Ford are
well in excess of that which could have accumulated internally since deposition
and requires contributions from external He sources. The identification of both
hydrocarbon expulsion and helium addition to nominally ‘tight’ formations now
provides a process driven and quantitative understanding of the fluid migration

dynamics and processes controlling these critical formations.



2. Investigating gas generation in the Fagle Ford Shale 51

2.1 Introduction

The expansion of petroleum exploration into unconventional shale oil and gas
systems has fundamentally changed the global energy outlook. Unlike conventional
petroleum systems (where oil and gas migrate from a source rock into a high-porosity
reservoir), unconventional systems produce directly from the source-rock itself.
These source-rocks are typically low-porosity organic-rich shales, and advanced
production techniques such as hydraulic fracturing are required to render them
economically viable (Curtis, |2002). From a geochemical perspective, this provides
an opportunity to directly sample previously inaccessible fluids which are hosted
in low-porosity shales, often several kilometres below the surface. The commercial
production of unconventional systems has been developed and expanded rapidly
in recent years, however the mechanisms controlling the behaviour and interaction
of fluids within these low permeability systems remain poorly constrained (Neuzil,
1994; Prinzhofer, 2013]).

Noble gas isotopes are useful for investigating crustal fluids in hydrological,
volcanic and petroleum systems (Burnard et al., 2013; Holland and Gilfillan, 2013}
Byrne et al., 2017). Due to their inert nature, noble gases are unaffected by
the chemical alteration, redox, or biological phenomena that complicate other
geochemical tracers (Ozima and Podosek, 2002; Porcelli et al., 2002). Instead, noble
gas signatures are only affected by physical processes such as mixing, diffusion,
dissolution, and radiogenic production (Ballentine et al.,[2002). Noble gas techniques
have been previously applied to investigate the genesis and behaviour of conventional
petroleum systems by constraining the timing of migration and accumulation
(Torgersen and Clarke, [1985; Marty et al., [1993; Zhou and Ballentine, 2006; Zhou
et al., [2012; Barry et al., 2016} Tolstikhin et al., 2017)), quantifying relative volumes
of gas and liquid phases present (Zartman et al., [1961; Bosch and Mazor, [1988;
Zaikowski and Spangler, 1990; Ballentine et al., 1991; Ballentine et al., [1996;
Barry et al., 2018b)), assessing the extent of fluid leakage through reservoir seals

(Barry et al., 2017), and identifying the presence and provenance of fugitive gas



52 2.1. Introduction

contamination in aquifers (Darrah et al., 2014, Wen et al., 2016). We investigate
here whether high-precision noble gas analysis of samples from unconventional
fields will allow us to adapt models successfully applied in conventional systems,
to develop interpretations specific to unconventional systems.

Unconventional systems present a series of new challenges in understanding
fluid provenance and migration. For example, the high adsorptive capacity of
the argillaceous sediments that typically make up unconventional plays (Ross and
Bustin, 2007)) acts to preferentially concentrate heavy noble gases (Torgersen and
Kennedy, [1999; Zhou et al., [2005)), thus making solubility models that assume that
the only source of heavy noble gases is that derived from groundwater difficult to
use quantitatively. Additionally, the lack of secondary migration in unconventional
systems lends itself to the possibility of in-situ investigation of thermal history
using the thermally-driven release of radiogenic isotopes from the sediment grains
into the free fluid phase (Hunt et al., 2012)), as well as dating by accumulation
of radiogenic “He (Wen et al., 2015a)).

Understanding the movement of fluids in unconventional systems is of significant
importance, but remains poorly constrained. Recent work has suggested these low
porosity systems may be open to both losses from the system and to contributions
from underlying strata. For example, the extent of interaction between the shale
gas and the overlying crust has implications for the possibility of contamination of
aquifers due to hydrocarbon production (Darrah et al., 2014; Wen et al., 2016; Wen
et al., 2017)). Similarly, the degree to which hydrocarbons are lost from the source
rock is also critical for determining volumes of petroleum released into the basin that
may migrate in to conventional accumulations, as well as for making unconventional
gas-in-place estimates (Ungerer et al., |1990; Ungerer, [1990; Schmoker, [2002; Jarvie
et al., 2007; Clarkson et al., 2012; McGlade et al., [2013|). However, recent studies
also show evidence for externally-sourced groundwaters contributing significantly to
the noble gas inventories of in-situ unconventional hydrocarbons (Gyore et al., 2017)).
Such an observation has important implications for the extent of fluid interaction

between low-porosity shale layers and the local hydrogeological regime, which is a
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crucial parameter for understanding their effectiveness as a seal in carbon capture
and storage (Barry et al., 2016) and nuclear waste disposal (Neuzil, 2013; Hendry
et al., 2015)). The extent of interaction between fluids within the shale and those in
the surrounding stratigraphy can be defined in many ways, and broadly described
as the extent of open vs closed system behaviour. For the purposes of this study
concerning the behaviour of fluids during hydrocarbon generation, we consider the
expulsion efficiency of methane to be defined as the quantity of methane expelled
from the source-rock compared to the total amount generated.

Thermal maturity is a key concept in hydrocarbon generation, and refers to the
extent of thermally-driven destruction (or ‘cracking’) of longer chain organic carbon
compounds into shorter chains (Lewan, 1993)). Low maturity hydrocarbon fluids
typically consist of longer, complex oil molecules, whilst high maturity fluids consist
primarily of simple gas compounds such as methane (CHy), ethane (CyHg), and
propane (C3Hg). By considering samples over a significant maturity range we seek
to constrain the evolution of noble gas signatures within the source rock during
the hydrocarbon generation process. This allows us to address a number of key
unanswered questions such as the extent to which the source rock behaves as an
open or closed system during hydrocarbon generation, the influence of groundwater
during the generation process, and the propensity for hydrocarbon storage within

the shale versus expulsion (e.g. Bernard and Horsfield, [2014).

2.2 Geological Background

The Eagle Ford Formation comprises a series of organic-rich marls, limestones and
bentonites deposited in the Maverick Basin of the Cretaceous Western interior
seaway of North America during the Late Cretaceous (Cenomanian to Turonian)
(Robison, [1997). The Formation underlies much of south Texas, where it has been
targeted for unconventional oil and gas production since 2008, and is now one of
the most prolifically produced unconventional fields worldwide (Clarke et al., [2016).
Due to the regional dip of the formation to the south-east, the Eagle Ford has been

buried to different levels of thermal maturity across the region, with wells to the
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north-west producing oils and associated solution gases, and wells to the South-East
producing drier, methane-rich gas (Donovan et al., . This study targeted
wells from a range of maturities across the Eagle Ford formation, and aims to use
noble gas analysis to characterise the behaviour of subsurface fluids in low porosity
hydrocarbon systems across a range of thermal maturity levels. We present noble
gas isotope and concentration data, alongside bulk gas composition and isotopic

data, from the Eagle Ford shale oil and gas play in south Texas, USA (Fig. .

[] oil-associated gas
[ ] wet gas
[ ] Dry gas

Figure 2.1: Map of the Eagle Ford shale gas play within Texas, showing wellsite locations
and ranges of different types of gas production. Contours indicate the depth of the top
Eagle Ford shale (m). Adapted from Zumberge et al., 2012).

2.3 Materials and Methods

Samples were collected directly from producing well heads in the Eagle Ford area;
a total of 10 samples were taken from 6 different lease areas. Samples for noble
gas analysis were collected in 10mm diameter, refrigeration-grade copper tubes,
which were connected using tygon tubing to a 2-stage pressure regulator attached
directly to the wellhead. The regulator was used to step down the pressure from
the wellstream to 1-2bar. The copper tubes were then flushed with the produced

gas for 10 minutes to avoid air contamination, before being sealed with stainless
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steel clamps (Weiss, [1968)). In addition, samples for hydrocarbon gas geochemistry
analysis were collected in industry-standard 300 cm?® valve-sealed stainless-steel
cylinders, which were flushed for 5 minutes to avoid air contamination. These were
then shipped to GeoMark Research LTD in Lafayette, Louisiana, USA for bulk
gas composition and C and H isotope analysis of major hydrocarbon species using
standard procedures that are described in detail in Zumberge et al., 2012, Noble
gas isotopic analysis was carried out in the Noble Laboratory at the University

of Oxford following procedures outlined in section 1.4.2.

2.4 Results

2.4.1 Bulk gas composition and stable isotopes

Results are presented for samples from 10 wells within the Eagle Ford field, major
gas species composition and stable isotope results are shown in Table 2.1 The
produced gases consist primarily of methane (C;), ranging from 67 - 92 mole %,
with longer chain hydrocarbons making up most of the remainder: 3.6-15.8% ethane
(Cq) and 0.5-9.6% propane (Cs). There is a large range of gas dryness from 2.7 to
22.9, where gas dryness is a measure of the ratio of heavier, ‘wetter’ gas species

relative to methane, defined as 02?03 (Bernard et al., [1976]). Gas dryness is often

interpreted to be an indicator of hydrocarbon maturity, as at higher temperatures
or over longer time periods at elevated temperatures, longer-chain hydrocarbons will
‘crack’ into shorter chain molecules, increasing the relative proportion of short-chain
molecules such as methane (Behar et al., 1997). Minor components include COq
(0.7-3.9%) and Ny (0.07-0.42%). Stable carbon and hydrogen isotopes of methane
show a large range from 63*Cq; = -47.5 to -37.8%¢ VPDB and éD¢; = -167 to
-261%0 (VSMOW). §'3C¢y and 0D¢ are strongly correlated (R?=0.96), and fall
within the expected range for thermogenic hydrocarbons (Schoell, |1980; Clayton,
1991; Whiticar, [1994). Like gas dryness, 6'>C of methane is also often considered
as an indicator of hydrocarbon maturity, as during hydrocarbon generation, bonds
containing the lighter 12C atoms have a higher propensity to crack. As a result, the

petroleum compounds formed earlier in the generation process tend to contain a
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higher proportion of the lighter 12C isotope relative to the rare *C isotope, and
thus have lower (more negative) §3C ratios. §'3C of methane in the samples shows
a broad positive correlation with gas dryness, although the relationship is not linear.
This behaviour is consistent with petroleum generation models that predict slightly
drier gases during the early stages of petroleum formation (Lorant et al., 1998)).
Carbon isotope ratios for the heavier hydrocarbon species are consistently higher
than methane in every sample: §'3Cgy = -33.5 to -17.39%0 and §3Cey = -29.4
to -14.0%0. As much of the following discussion and interpretation centres on
variations with respect to maturity, samples are labelled A through to F, going
from lowest to highest maturity as interpreted from the carbon isotope ratio of
methane. We consider C-isotopes to be the most reliable indicator of maturity in
this system, due to being unaffected by phase partitioning between oil and gas,
as gas dryness could be (Bernard and Horsfield, 2014). Other maturity indicators
such as molecular biomarker ratios are not present in the higher-maturity gases
in this system. Samples from wells within the same lease, for which maturity is

approximately equal, are distinguished by number (A1, A2; B1, B2 etc.).

2.4.2 Noble gas isotopic analysis

Helium

Helium isotope ratios (*He/*He) ratios are reported relative to the atmospheric
ratio (where air=1R,), and show a range from 0.015-0.16 R, (Tables and [2.2).
“He/?°Ne ratios are >5000 for all samples, which by comparison with the atmospheric
“He/*Ne of 0.32 suggests that there is negligible atmospheric He contribution. The
low 3He/“He ratios suggest that the majority of the helium is derived from crustal
radiogenic production, for which typically *He/*He=0.02R,, (Ballentine and Burnard,
2002)). However some samples show a small and variable contribution of mantle
fluids, for which sub-continental lithospheric mantle *He/*He=6.1R, (Gautheron
and Moreira, [2002; Day et al., [2015). Using a simple 2-endmember mixing model,
we can quantify mantle helium contributions to *He of between 0.14% and 2.57%.

Helium isotope ratios appear to be dependent on geographic location, with all pairs
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of samples from the same lease having almost indistinguishable 3He/*He values.
Previous work has shown the presence of mantle fluids to be strongly influenced
by local structural geometry, with major faults seeming to increase the presence
of mantle fluids (Hooker et al., |1985; Oxburgh et al., [1986). However, the spatial
resolution of this sample set is not high enough to make detailed inferences about
the distribution of mantle fluids in the wider area. The presence of mantle helium in
these samples is strong evidence for open system behaviour of the Eagle Ford shale
over geological time. Helium concentrations (*He) range from 1.39 to 5.26 x 107°

cm®STPem ™3, and show no appreciable correlation with *He/*He (Fig. [2.2).

0.20

+D1
0.15} +D2 E

g Mantle fluid
- addition
3 0.10} 1
) +
a§ B2 _+El
” _ c1
0.05L Typical crustal - o+t ]
production
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[* He] (em® STPem ™ x107°)

Figure 2.2: Total measured helium concentrations and isotope ratios for Eagle Ford
gases. Typical crustal production ratios are around 0.02 (Ballentine and Burnard, 2002]),
and ratios over 0.1 can be likely attributed to mantle fluid contents. Sub-continental
lithospheric mantle has a 3He/*He ratio of ~6.1R, (Day et al., 2015).

Neon

Neon isotope ratios (**Ne/**Ne and ?'Ne/?2Ne) show an excess of the nucleogenically-

produced 2'Ne and ??Ne isotopes, with the trend following the empirically-derived
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crustal neon production line (Kennedy et al., [1990). Although there is some
scatter around this line, shown in Fig. [2.3] it is notable that previous noble gas
studies of unconventional hydrocarbon systems also show a large dispersion in
neon isotope ratios relative to this reference (Zhou et al., 2005, Wen et al., 2015b).
It is possible that there is some variable effect of mass-dependent fractionation,
unique to low-porosity unconventional systems, that results in these deviations.
Neon concentrations (**Ne) range from 8.7 to 55.6 x107!% cm*STPem ™ and are
strongly dependent on maturity, with higher maturity samples having systematically

lower Ne concentrations. This can be seen in the relationship of 6*C and 2°Ne

(Tables and [2.3).
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0.028 0.030 0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046

21 Ne/22 Ne

Figure 2.3: Neon isotope plot for the Eagle Ford gases. Typical crustal production ratios
are taken from (Kennedy et al., [1990), and reflect an empirically observed correlation
across a range of crustal fluids.
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Argon

Argon isotope ratios (*°Ar/3¢Ar) range from 342 to 561, all showing an excess of
radiogenically-produced “°Ar relative to the air value of 298.6 (Lee et al., 2006).
Argon concentrations (*Ar) range from 7.0 to 262 x107? cm3STPcm ™2, and like Ne
concentrations, show a strong correlation with sample maturity as measured by §12C
of methane (Fig. [2.4). Argon isotope ratios and concentrations are shown in Fig.
Whilst samples with the lowest total “°Ar also tend to have low “°Ar/3¢Ar, the
relationship is not clear at higher “°Ar and cannot be explained solely by radiogenic
production of “°Ar. Oil-associated gases (either exsolved from oil during production
or present as a gas cap in the reservoir (Stolper et al., 2017) (A, B), show a different

trend to pure gas samples (C-F), with higher “°Ar concentrations.
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Figure 2.4: Plot illustrating the relationship between 36Ar concentration and 6'2C of
methane, which we consider to be our most reliable indicator of thermal maturity in this
system.
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Figure 2.5: Argon concentrations and isotope ratios in the Eagle Ford gases. The
isotopic ratio for air is 298.6 (Lee et al., |2006]).

Krypton and xenon

Measured Kr and Xe isotope ratios are all indistinguishable from air, and are not
discussed here (Torgersen and Kennedy, [1999). Krypton concentrations (3Kr)
range from 4.4 to 26.9 x107'% cm®*STPcm ™3, and xenon concentrations (}3°Xe)
range from 1.4 to 7.5 x107!! ecm®STPcm 3. Like Ne and Ar concentrations, Kr
and Xe show some correlation with sample maturity. However, samples A1l and
A2, from the least mature site, both show appreciably lower Kr and Xe than
some other samples, making the exact relationship with maturity unclear, and
indicating that the heavy noble gases are not affected by maturity in the same way
as Ne and Ar, likely due to their already high-content in the sediments themselves

(Podosek et al., |1980; Podosek et al., [1981]).
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Sample 3He/*He +20 ONe/2Ne +20  *Ne/?Ne *20 “OAr/3Ar +20
Al 0.138 0.007 9.77 0.08 0.0359 0.0001 4548 2.9
A2 0.135 0.005 9.84 0.08 0.0363 0.0001 460.4 3.0
Bl 0.074 0.004 9.58 0.03 0.0338 0.0001 4426 2.8
B2 0.077 0.004 9.57 0.03 0.0339 0.0001 4440 2.9
C1 0.053 0.003 9.63 0.03 0.0366 0.0001 523.2 3.4
c2 0.056 0.003 9.50 0.08 0.0405 0.0002 561.2 3.7
D1 0.163 0.009 9.55 0.04 0.0348 0.0001 470.8 3.1
D2 0.152 0.008 9.71 0.03 0.0343 0.0001 468.3 3.1
E1l 0.048 0.004 9.61 0.03 0.0361 0.0001 4415 29
F1 0.015 0.001 9.72 0.03 0.0336 0.0001 3425 2.2

Table 2.2: Noble gas isotope ratios for Eagle Ford gases. 3He/*He ratios are reported in
units of R/R,, where R, is the air ratio of 1.4x107¢ (Porcelli et al., 2002).

2.5 Discussion
2.5.1 Atmosphere-derived noble gases

The atmosphere-derived noble gases (ANG) are dominantly sourced from air (**Ne,
6 Ar, 8Kr, 139Xe), and have no significant radiogenic production, primordial
or cosmogenic sources (Ballentine et al., 2002; Prinzhofer, |2013; Byrne et al.,
2017). These isotopes are introduced into hydrocarbon reservoirs by recharge of
air-saturated water (ASW) (Aeschbach-Hertig et al., |2000; Kipfer et al., 2002),
and its subsequent interaction with different hydrocarbon phases. Due to the
variable solubility of the elements in different fluid phases, variations in the ratios
between these isotopes (2°Ne/3¢Ar, 84Kr/36Ar, 139Xe/36Ar) can be used to interpret
the history of multi-component (i.e., water-gas-oil) interactions within a given
hydrocarbon system (Bosch and Mazor, 1988; Zaikowski and Spangler, |1990;
Ballentine et al., |1991; Ballentine et al., [1996; Barry et al., 2016]).

The majority of Eagle Ford gases have 2°Ne/3¢Ar values indistinguishable from
the initial ASW (freshwater at 10°C) ratio of 0.14. This suggests quantitative
partitioning of effectively 100% of the ANG’s into the gas phase, in a system with a
high gas-water volume ratio. However, the lower maturity oil-associated gases show
fractionated 2°Ne/3¢Ar of 0.017 to 0.10. We interpret this to represent partitioning

between oil and gas phases, which is investigated further in section 2.5.5. 84Kr/36Ar



63

2. Investigating gas generation in the Eagle Ford Shale

‘odojost poonpoid A[restusgorper-uou Yim surreduwos Aq yuajuoo sueydsour)e 10 pajoaIIod
JULUOAUIO) DIUSSOIPEL Y} JO UOIFRIPUIUOD Y} SOYRIIPUL , ‘o WD J,S WO OI€ SJIU() "SOSeS PIO] O[Se] 10J SUOIYRIUGOUOD S A[ON :§°T O[qRL

€00 9£0 €0 8TY €00 6£T 10 8ST Iv'0 ST'S 090 2924  LO00 (/80 T4
800 €07 0.0 €68 900 0F'C IT0 8¢T GE0 EV'Y 960 €0L 600 ZIT 13
IT0 SPT SS'0 10L 900 L¥'T IT0 SPT Iv'0 1S 90 T¥'8 010 27T za
IT0 €¢T €9°0 86 900 t¥'e IT0 9%'T or'o €T°S S9'0 6I'8 600 LI'T 1a
070 1IST 8y'T TL8T TI0 0LV €10 19T 0 t9°'S SL0 €¥6  TIT0 E£¥T rdo)
610 Tv'e SP'T Ov8T 110 (Lt'b Y10 LLT 8v'0 ST'9 ¥8°0 €90T LT0 0TT %)
6’0 0T9 LT TLTT  0T0 1TV 650 0S'L IT'C 889¢ 0£€ ¥LT¥r 620 VL€ 14|
8v'0 7T'9 6'T 9r'vZ  €T0 9T'S 850 T¥'L 60'C TS'9T 0£€ S9TY VEO 8TV 19
LL'T 0STCZ 0TE €L0F LOO TO€ ST0 68T GL'0 656 08'0T 8¥'9€T ¥¥'0 LSS v
8Z'€ SLTv 957 9576  LEO 69V 60 96'% 8S'T ¥1'0Z 65°0Z 0T'Z9C 90 ¥S'¥ v
0zF (,0TX) 9ZF (.01X) 0¢F (.01X) 9ZF (;10TX) 90TZF (.0TX)  02F (c0TX) 90ZF (,.0TX) a|dwes
#AVoy +9N1; 9H, Xoer Dyg Ve 9Nz



64 2.5. Discussion

ranges from 7.0 to 68.9 x107% (ASW= 40 x 107?), and '**Xe/?*Ar ranges from
1.39 to 20.7 x107% (ASW=4.14x10"1). #Kr/3¢Ar and 3°Xe/3¢Ar show a more
equivocal relationship with maturity, again suggesting that the heavy noble gases
are affected differently by maturity variations. All samples except those from the
lowest maturity area (A1, A2) show significant excesses of Kr and Xe compared to
ASW, whilst the A samples have depleted Kr and Xe. It is possible that due to
their low maturity, there is still enough of an oil-phase present in samples Al and
A2 that partitioning of Kr and Xe into the oil phase has resulted in a residually
depleted gas, although this is difficult to confirm. There also appears to be no clear
relationship within the higher #Kr/3¢Ar and *%Xe/3¢Ar samples.

2.5.2 Methane generation and noble gas dilution

The observation that 3¢Ar concentrations vary by more than an order of magnitude
over the range of sample maturities (Fig. requires either drastically different
hydrogeological regimes across the field, or a previously unrecognised process, innate
to the hydrocarbon system, to strongly alter ANG concentrations.

We start with the simplifying assumption that the amount of 36Ar delivered
from groundwater into the Eagle Ford formation is approximately constant across
the basin. This assumption is reasonable unless there is large-scale heterogeneity
in the deep-basin groundwater movement over geological timescales. As the Eagle
Ford Shale is low-permeability and relatively consistent across the basin, with no
significant faulting across the area of interest (Robison, |1997)), such heterogeneity
would be highly unexpected. Under this assumption, the resultant concentrations
in the hydrocarbon phase should be solely affected by the extent of hydrocarbon
generation. The resulting reference model presented here shows that the generation
of petroleum compounds and secondary cracking of those compounds will both
increase the relative amount of hydrocarbon molecules compared to 36Ar. This
will effectively cause [*®Ar] to be diluted as hydrocarbon generation and cracking
proceeds, and can explain decreasing 3®Ar concentrations as a function of increasing

maturity. A schematic illustration of this concept is given in Fig. [2.6] In order
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Figure 2.6: Schematic illustration of the Ar dilution model during hydrocarbon
generation within the Eagle Ford shale. Argon is expected to follow methane during
phase-partitioning in the subsurface, as they have similar solubilities at subsurface PT
conditions (Ballentine et al., 1991). Closed system is illustrated in the final stage, whilst
an open system would entail partial loss of hydrocarbon phase from the rock, along with
equivalent amounts of Ar.
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Figure 2.7: Results from Ar dilution model, for both open system and closed system
calculations. The fraction of methane generated (F') is displayed as a percentage along
the 2 curves. Lowermost plot displays the differing predictions for fractional methane
generation for open and closed systems.
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to eliminate the effects of solubility-dependent fractionation on this process, we
normalise [*Ar| to [CH4] in bulk gas, as both species have similar solubilities at
subsurface conditions (Ballentine et al., |[1991). Under the assumption that initial
36 Ar abundances were approximately uniform across the basin, the resultant [*°Ar]
in the produced methane will be inversely proportional to the amount of methane

produced, which can be written symbolically as follows:

[36 Ar]
[C'H,]

x F=c (2.1)

Here [*°Ar] is the concentration of *®Ar in the gas, [CH,4] is the concentration of
methane in the gas, F' is the amount of methane produced form the source-rock
relative to the total potential production (0 < F' < 1), and ¢ is an arbitrary con-
stant. We use this simple relationship to quantify the carbon-isotope fractionation
associated with methane generation, the extent of methane generation within the
basin, and the extent of gas loss from within the source rock.

In order to relate the extent of methane production (F') to our observable proxy
for maturity, the 6*C of the methane, we use a Rayleigh fractionation model
(after Rooney et al., [1995). This model assumes that the product (methane) is
continuously generated from an initial reservoir (kerogen) with a constant isotopic
fractionation, and furthermore that the initial reservoir is homogenous and that
the mechanism for methane generation is constant. Whilst methane generation
in reality is a much more complex process than this, and kerogen is a complex
mixture of different organic molecules, this approach has been shown to accurately
reproduce observed C-isotope ratios in several case studies (see Rooney et al., 1995
for details). We consider two separate end-member scenarios. The first is a fully
open-system case in which the generated methane instantaneously escapes from the
source-rock, whereby the methane contained within the source rock has an isotopic
composition equal to the methane being produced at that point in the generation
process. The second is a fully closed-system model, in which no methane escapes
from the source-rock, and the methane that is retained therefore has an isotopic

composition equal to the bulk weighted average of the total produced methane that
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has accumulated. These are referred to as open-system and closed-system models
and designated by the subscripts ‘0’ and ‘¢’ respectively.
For both cases, the 6*C of methane is formulated by Rooney et al., 1995 as fol-

lows.

§BC, = 80, + e(1+In(1 — F)) (2.2)

e(l1—F)in(1—F)

§BC, = 6130 — .

(2.3)

Where 613C,, §13C, are the carbon isotope ratios of methane generated in the
open and closed-system models respectively, §'3C}, is the initial carbon isotope ratio
of the kerogen in the source-rock from which the hydrocarbons are being generated,
€ is the fractionation factor that governs the isotopic fractionation between the
parent kerogen and the generated methane, and F' is the fraction of methane
produced out of the total potential, again using subscripts ‘0’ and ‘¢’ to distinguish
between open and closed-system cases.

We rearrange equations and to isolate F.

13 _ 513
0°Co = 07Ch C’“—1> (2.4)

F,=1- e:cp(
€
For the closed system we rearrange similarly, using the substitution y =

13 _ 513 .
% for clarity.

F.=1- ea:p(w(exp:(y_yQ - y> (2.5)

Here w(x) is the Lambert transcendental function (product log function).

By substituting our expressions for F, or F, into equation [2.1] we can directly
relate the §'*C of methane to the [*Ar| in the produced gas, in both open and
closed-system scenarios. However, we need to constrain 6'3C), and e, which are both
assumed to be constants across the basin. The carbon isotope ratio of the kerogen
in the Eagle Ford (§'3C}) is well-constrained, as it has been directly measured in

core sections, and although it shows some variation through the section, it averages
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approximately §'3Cy = —27%0 (Eldrett et al., [2014). The fractionation factor for
production of methane from kerogen for any given field is difficult to constrain
geochemically, as reservoir conditions and timescales are challenging to recreate
in laboratory conditions (Tang et al., |2005).

Using the above equations, alongside observed [*¢Ar| and §'3C' data, we employ
an inverse approach to estimate the ¢ parameter. For a given value of €, we use
the observed [*®Ar], 6'3C', and [CHy| from the 10 Eagle Ford samples to calculate
10 values of ¢ using eq. [2.1] substituting in eq. [2.4] or 2.5 for the open and closed-
systems respectively. Notably, if a perfect fit to the model were achieved, ¢ would
be constant across all data points. A goodness of fit for each trial value of € can be
taken from the relative variance (02) in these calculated ¢ values. Modeling results
yield a best fit to the data with e = —20.71%0 (0% = 4.1%) for the open-system,
and € = —20.72%0 (0? = 4.6%) for the closed-system. This is within the range
of expected values for e reported in previous literature, of -17 to -25%0 (Tang
et al., [2000), and effectively indistinguishable for the 2 cases, suggesting that the
calculated value for € is relatively insensitive to the extent of the system being open
or closed. Model curves for both open and closed-system cases are shown in Fig.
alongside the measured data, and both produce a close fit to the data.

The open and closed-system cases do differ in their predictions of the amount of
methane generated across the field. The F-values are plotted as a percentage of
total potential methane generation along the model curves in Fig. 2.7 and show
that the predicted methane generation is consistently higher in the closed system
model. We use these two end-member cases to place constraints on the maximum
and minimum volumes of methane generated across the field. For the least mature
sample (A1), the open-system predicts 1% of total methane generated, compared
to 2% for the closed system. For the most mature sample (F1), the range is 38-70%

of total methane generated. These results are shown in table [2.4]
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Figure 2.8: Predicted evolution of gas in-place within the Eagle Ford Shale alongside
data calculated from gas compositions and reservoir PT conditions. Model evolution
lines for varying amounts of system openness are displayed according to the percentage
of CHy expelled from the shale. Dashed lines represent the midpoint of the estimates
derived from the upper and lower bounds for parameters discussed in section 2.5.3, whilst
shaded areas represent the areas encompassed by the upper and lower bounds (shown for
openness of 0%, 40%, and 80%). Methane concentrations are per volume of rock.

2.5.3 Estimation of methane expulsion efficiency

The values calculated for the fraction of kerogen converted to methane (F') in the
previous section can be converted into absolute volumes of generated methane if the
generative potential of the kerogen and the organic carbon concentration is known.

The total amount of methane generated in the system is calculated as follows:

FxGXxTOC x ps x Vi
Mcra

[CHylgen = (2.6)

Here F' is the fraction of kerogen converted to methane, GG is the generative
potential of methane, and TOC' is the weight% of organic carbon in the shale.
The shale density (ps), the standard molar volume (V)/) and the molar mass of
methane (Mcgy) are used to convert the units from mass of methane per mass
of rock to volume of methane per volume of rock.

G can be estimated from RockEval data, using G = % (Tissot and Welte,
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1984). Edman and Pitman, 2010, publish RockEval data for the Eagle Ford, and
G can be estimated at approximately 300 — 350mg of CH,4 per g of kerogen, in
close agreement with pyrolysis experiments on other type II shales (Behar et al.,
1995)). TOC in the Eagle Ford is variable throughout the basin, but across the area
of this study is estimated to be 5-6 wt% (Tian et al., |2013). Using these values
alongside our calculated F-value curves from section 2.5.2 allows us to predict the
absolute volume of methane generated with respect to 6*C' for both open and
closed systems. This volume is converted into methane in-place volumes for a range
of system ‘openness’ (expulsion efficiency) by interpolating between F-value curves
for the open and closed system and then multiplying again by openness in order to

reflect the expulsion of petroleum from the system under such conditions.

[CHylin—ptace = ([CHlger™ — O(CHlgen* — [CHiJge")) x (1-©)  (2.7)

gen gen gen

Here © is system openness (0 < © < 1). It can be seen for that a perfectly
closed system (©=0), the amount of methane in-place is equal to that generated
under a closed system, and for a perfectly open system (©=1), the amount of
methane in-place is zero.

Using the known variability in the above-described parameters, we generate
upper and lower-limit curves for [CHylin—piace as a function of 513C for a range of
different ‘system openness’. The generated curves are then compared with in-place
estimates derived empirically by converting the bulk gas composition to reservoir
pressure-temperature conditions. The comparison is shown in Fig. Due to
the convergence at low maturity 6*3C values it is difficult to distinguish between
different levels of system openness, but for the higher maturity samples the predicted
vs. observed gas in-place is consistent with approximately 20-40% openness in
the lower generation limit, and 40-60% in the upper generation limit. This would
correspond to 20-40% of methane expelled in the lower limit scenario, and 40-60%
in the upper limit scenario. Previous estimates of this figure using traditional

gas-in-place estimates and hydrocarbon generation models are on the higher end of
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this range, with Cooles et al., 1986 suggesting a general range of 60-90% expulsion,
Ungerer, 1990| proposing >50% for mature source-rocks, and more recently Jarvie

et al., 2007| calculating a range of 50-70% for the Barnett Shale.

F (€] [CHA]in-pIace [CH4]expeIIed (CmasTpcm&)
Sample open closed min max (cm3STPcm?®)  min max
Al 0.01 0.02 n.a. n.a. 8.15 -
A2 0.02 0.03 n.a. n.a. 8.71 - -
B1 0.08 0.15 0.21 038 5.74 1.55 3.52
B2 0.09 0.17 0.47 0.59 3.74 3.34 5.42
C1 0.20 0.38 0.32 047 11.99 5.62 10.58
C2 0.20 0.39 0.28 043 13.38 5.09 10.23
D1 0.29 0.54 042 055 13.66 9.95 16.87
D2 0.29 0.54 043 056 13.60 10.08 17.03
E1 0.30 0.57 0.34 0.48 17.26 8.75 16.19
F1 0.38 0.70 0.38 0.52 19.33 11.98 21.15

Table 2.4: Model parameter results for extent of methane generation (F') and system
openness (0) discussed in sections 2.5.2 and 2.5.3 respectively. Values for [CH4| in-place
within the reservoir (per rock volume), and model estimates for CHy expelled, both per
rock volume, and total expelled from the shale by area. Model predictions for samples Al
and A2 are not presented as they fall outside the predicted model envelope (see Fig. [2.8)).

2.5.4 Radiogenic noble gases

Radiogenically-produced noble gas isotopes (e.g. *He, 2'Ne, °Ar) accumulate in
the subsurface over time, as daughter products of naturally occurring radioactive
elements. The laws governing rates of radioactive decay are well-understood, and
production rates can be calculated as a function of the concentrations of the relevant
parent isotopes in the surrounding rock. For example, *He production is dominated
by the a-decay of 2°U, 233U and 232Th, and the production rate can be calculated

using the following equation, after Craig and Lupton, 1976;

J(*He) = 0.2355 x 107% x [U](1 + 0.123([[?]] —4)) (2.8)

Here J(*He) is the production rate of *He in units of 107%cm3STPg'yr~!, and
concentrations of U and Th are in ppm. Analogous equations for the production of
other major radiogenic noble gas species can be found in Ballentine and Burnard,
2002. The expected concentration of *He to be produced in-situ can then be

calculated using the following equation, after Torgersen, [1980:
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Figure 2.9: Radiogenic isotope ratios in the Eagle Ford gases. Black points indicate
the calculated production ratios for typical crust and within the Eagle Ford shale, and
solubility-dependent fractionation lines are drawn through the origin, assuming that
He and Ne have approximately equal solubility under reservoir conditions. Dashed line
indicates fractionation from average crust production ratios, and dot-dashed line is that
calculated for Eagle Ford in-situ production.
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J(4He) x ptAR(1 — ¢)
¢

Here p is the rock density in gem™3, t is time in years, ¢ is porosity, and A

[FHe)in— it = (2.9)

is the release efficiency from the mineral grains into the surrounding pore-space

(0 <A <1and A~ 1 over geological timescales (Ballentine and Burnard, 2002)).

R is the expansion coefficient from reservoir conditions to atmospheric conditions,

needed to account for the dilution of the produced *He by pressurized CH, in
PresTatm

the pore-space (R = BresSatm)

PatmTres
The expected *He concentrations in the Eagle Ford can be calculated using an

3
)

average porosity of 9% (Jennings and Antia, 2013), average rock density of 2.2gcm™
U and Th concentrations of 4ppm and 6ppm respectively (Tinnin and Darmaoen,
2016)), and a time of 95Myr since the deposition of the Eagle Ford. The expected
‘He concentration ranges from 0.95-1.2x 10 %cm3STPcm ™2, an order of magnitude
lower than the measured values of 1.4-5.3x107°cm®STPcem =3 (Table 2.3). The
measured excess of *He must have been introduced from surrounding rocks, likely
exsolving from groundwaters into the gas phase due to the relative insolubility of
helium. This suggests there must be an external source of groundwater interaction
within the Eagle Ford, despite its low permeability and porosity.

The fact that *He is so abundant in the samples compared to atmospheric noble
gas species indicates that it is nearly 100% radiogenic, whereas the explicit radio-
genic/nucleogenic component for Ar and Ne (“°Ar* or 2!Ne*) must be corrected for
atmospheric contributions. This is done by calculating the atmospheric contribution
of the isotope in question by using a purely atmospheric produced isotope (*¢Ar
or Ne) and the atmospheric ratio. This can then be subtracted from the total

concentration to give the pure radiogenic component as follows:

[40AT] — [4OAT] % +[40Ar]atm (2'10)

0 Ay
[ Arlaem = A7) x (5557 ) (2.11)
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[0 Ar]s = [ Ar] — [ Ar] x CZﬁ:) (2.12)

As the concentrations of the parent isotopes are heterogeneously distributed
within the crust, this can be used to distinguish in-situ radiogenic production
from that introduced by fluid migration. Fig. shows a strong correlation
between ‘He/°Ar* and 2!Ne* /40 Ar* which is consistent with solubility-dependent
fractionation. Predicted solubility-dependent fractionation lines are also shown for
in-situ radiogenic production (calculated from U, Th, K, O, and Mg concentrations,
Tinnin and Darmaoen, 2016) and average crustal production ratios. In-situ
“He/*Ar* and *'Ne* /*°Ar* production ratios are calculated as 17.2 and 9.26x 1077
respectively, compared to 10.0 and 2.15x 1077 for average crust (Leya and Wieler,
1999; Ballentine and Burnard, 2002). Fractionation lines plot as near straight
lines due to the fact that He and Ne have similar Henry’s constants in subsurface
conditions (Ferndndez-Prini et al., 2003). Many of the Eagle Ford samples do not
plot close to the in-situ production line, with the average crustal production line
providing a better fit, especially for the more highly fractionated, higher maturity
samples. This is strong evidence for the influx of externally produced radiogenic
isotopes being introduced into the gas phase from groundwater in adjacent sediments.
It is clear from these relationships that the Eagle Ford is exhibiting at least partially

open system behaviour in a geochemical sense.

2.5.5 Solubility-dependent partitioning models

Noble gas partitioning between different fluid phases (water, oil, gas) in crustal sys-
tems follows Henry-law solubility to close approximation, even at high temperatures
(Crovetto et al., [1982)). Henry’s constants are well constrained for water and oil
across a range of temperatures, salinities, and APT gravities (Smith and Kennedy,
1983; Ballentine et al., 2002). Due to their differing solubilities in water and oil, the
noble gases have different affinities for water, oil, or gas phases when they contact
another phase. Amongst the atmospherically-derived noble gases, ?°Ne is the least

soluble in both oil and water, with solubility increasing with atomic number up to
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Figure 2.10: Predicted 2°Ne/35Ar and [*Ar] evolution lines for solubility-dependent
partitioning models, alongside measured data from the Eagle Ford gases. Numbers along
oil-water partitioning line signify V,/V,, and percentages along cyan line indicate the
percentage of argon lost from the system.

xenon (Kharaka and Specht, |1988; Fernandez-Prini et al., 2003). Fractionation of
ANG’s in petroleum systems is often attributed to solubility-dependent partitioning
between different fluid phases (i.e., water, oil and gas). Under the assumption that
all the ANG’s are initially delivered into the subsurface dissolved in ASW, which
has a well-defined composition, it is possible to reconstruct the phase-partitioning
history of a petroleum system by looking at the ANG composition of a single
phase (Zartman et al., |1961; Bosch and Mazor, [1988; Zaikowski and Spangler, |1990;
Ballentine et al., |1991; Ballentine et al., 1996).

A number of different models describe water-gas, water-oil, and oil-gas parti-
tioning in different reservoir geometries for conventional petroleum systems (see
Barry et al., 2016 for a comprehensive review). In an unconventional source rock-

reservoir, we predict that a simple closed-system water-oil partitioning model is most
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appropriate, as the porous volume of the shale will initially be filled with ASW, which
will interact with an oil phase - formed in the first stages of hydrocarbon generation.
As hydrocarbon generation continues, the ratio of oil to water in the system (V,/V,,)
will increase, and the ANG partitioning and concentrations will evolve.

Upon the initial generation of an oil phase (V,/V,, ~ 0), argon will preferentially
partition from the ASW into the oil phase relative to neon, and the oil phase
will consequently have a ?°Ne/3¢Ar lower than the ASW ratio. As oil generation
continues and V,/V,, increases, more of the noble gases will partition into the oil
phase and the ?°Ne/3¢Ar of the oil phase will increase towards the ASW ratio.
When V,/V,, becomes large, effectively 100% of the noble gases will be partitioned
into the oil phase, and the ?*Ne/3¢Ar of the oil phase will be equal to that of the
initial ASW. Concentrations of 2°Ne and 36Ar in the oil phase will consistently
decrease with increasing V,/V,,. We can use the following equation to describe the
relationship between both *Ne/*¢Ar and [*®Ar] and V,/V,,.

Vo Ci. K

_ asw

2 T}, K—ZU (2.13)

Where V, and V,, are the volumes of oil and water respectively, C_ and C!
represent the concentrations of noble gas species ¢ in the oil phase and the initial
air-saturated water, and K and K' are the Henry’s constants of noble gas species
i in oil and water. Henry’s constants are temperature-dependent and calculated
after Fernandez-Prini et al., 2003. 3¢Ar concentrations can be calculated directly
using eq. , and 2°Ne/3¢Ar ratios are simply calculated by comparing the results
from eq. for both ?°Ne and 3®Ar.

Fig. [2.10 shows the modelled evolution of ?’Ne/*Ar and 1/[*Ar] with respect
to V,/V,, in the hydrocarbon phase for Eagle Ford pressure-temperature conditions,
alongside data measured in the Eagle Ford samples. The mature gas samples are
consistent with this model, having 2°Ne/?*5Ar that is effectively indistinguishable
from ASW, and concentrations consistent with high V,/V,, of 100-300. However,

these samples are dry gas rather than oil. In a closed system, the complete cracking

of 0il to gas would not affect 2°Ne/35Ar of the hydrocarbon phase, but would decrease
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concentrations as the hydrocarbon phase expanded; this is effectively equivalent
to an apparent increase in V,/V,, as secondary cracking progresses. However, the
oil-water partitioning model clearly does not account for the extent of fractionation
observed in the oil-associated gas samples.

The highly fractionated 2°Ne/36 Ar exhibited in the lower-maturity samples could
be explained by a solubility controlled open-system Rayleigh-fractionation partition-
ing model between oil and gas phases. Conceptually, this describes the formation
and escape of gas bubbles from the oil phase, either because of sufficient cracking of
oil compounds to form a free gas phase, or gaseous hydrocarbon compounds coming
out of solution in the oil phase due to changes in pressure-temperature conditions.
This could happen as a result of geological processes or production effects. The

Rayleigh fractionation equation describing open-system gas loss is:

QONe 20N€ (a—1)

(o) = G o x f

(2.14)

Where (*°Ne/3¢Ar) is the ratio in the oil phase, (**Ne/3¢Ar)0 is the initial ratio
in the oil phase prior to gas loss, f is the fraction of 3¢Ar remaining in the oil
phase, and « is the fractionation factor (the ratio of the Henry’s constants for Ne
and Ar in oil). ?*Ne The cyan lines on Fig. show the predicted evolution of
the 2Ne/3¢Ar in the oil phase during open-system gas-oil partitioning. It can be
seen that this process can account for the fractionation seen, if 90% of the argon
initially present has been lost from the system.

The applied models are able to qualitatively replicate the observed patterns of
[3Ar| and ?°Ne/3Ar observed in the Eagle Ford gas, but are likely too simplistic
to represent a quantitative description of real processes. Our assumption of a
simple closed system with a constant and conserved amount of 3¢Ar present is
inconsistent with observed radiogenic isotope patterns (section 2.5.4) that show
the influx of external groundwater, as well as the predictions from section 2.5.3
on system openness. The open-system oil-gas partitioning required to explain the
fractionated 2°Ne /36 Ar ratios observed in the oil-associated gases further requires

deviation from this closed system. Furthermore, the processes controlling oil-gas
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partitioning during hydrocarbon cracking and expulsion are likely to be more
complex than the simple time-independent system we have presented using a single
partitioning parameter. These noble gas partitioning models were developed to
describe conventional systems, where hydrocarbons and water are in well-defined
separate phases in porous reservoirs, and traps and seals provide a relatively stable
closed system (Bosch and Mazor, [1988; Zaikowski and Spangler, 1990; Ballentine
et al., [1991; Ballentine et al., [1996; Barry et al., [2016). We suggest that the
low-porosity, more complex phase behaviour, and extensive expulsion and migration

make these models difficult to apply directly into unconventional systems.

2.6 Conclusion

We present high precision noble gas (He, Ne, Ar, Kr, Xe) isotope and abundance
data for 10 natural gas samples produced from the unconventional Eagle Ford
shale oil and gas field. By combining these measurements with traditional bulk
gas composition and stable isotope data we are able to fully investigate how the
noble gas signature changes over the range of different gas compositions produced
from the field. This work builds on the relatively few previous noble gas studies
to advance our understanding of the physical behaviour of fluids in organic-rich
shales and unconventional hydrocarbon systems (Hunt et al., 2012; Darrah et al.,
2014; Darrah et al., 2015, Wen et al., 2015b; Gyore et al., R017; Cao et al.,
2018). The samples span a wide range of thermal maturities, as is evident from
the bulk fluid composition ranging from oil-associated gas to dry non-associated
gas, and the §'3C of the hydrocarbon compounds have a broad range across the
sample suite. The noble gas content of the samples is dominantly radiogenic, with
high concentrations of *He and high 4°Ar/36Ar ratios, and very small amounts of
putative mantle helium present in some samples.

The most striking feature in the measured samples is the large range in 6Ar
concentrations, which vary over several orders of magnitude, and are strongly

correlated with indicators of gas maturity such as §'3C. These signatures are
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explained using a combination of a Rayleigh-fractionation model for methane-
generation with [*®Ar|/[CH,] ratios to constrain hydrocarbon generation parameters,
including the C-isotope fractionation factor (e = -20.7%o0), and the relative quantities
of methane generated across the basin. This approach allows us to determine these
crucial parameters using empirical data measured in gas samples produced directly
from the reservoir, with the inert behaviour of the noble gases ensuring it is
unaffected by extraneous chemical reactions. By comparison with measurements of
methane in-place within the source rock, we use this model to constrain the extent
of system openness. This allows us to quantify how much methane has been expelled
from the source rock (expulsion efficiency), which we estimate to be approximately
40% for this system. This value is similar to model estimates generated for other
source-rocks (Cooles et al., [1986; Jarvie et al., 2007)), but the parameters controlling
any noble gas variations between systems will require further investigation.
Concentrations of radiogenic *He are in excess of those that could be produced
in-situ over the age of the strata, thus requiring external input from surrounding
formations into the shale. Radiogenic *He/*°Ar* and ?'Ne* /*°Ar* reveal significant
exchange between the hydrocarbons within the shale and external groundwaters
over geological timescales, despite their low porosity and permeability.
Combining the results from both atmospheric and radiogenic noble gas isotope
systems, we conclude that the Eagle Ford shale has both expelled significant volumes
of hydrocarbons and also acquired radiogenic noble gases from external groundwater.
The ability to empirically constrain hydrocarbon volumes expelled may provide
significant utility in the construction of basin models designed to understand the
evolution of petroleum systems, specifically with regard to primary migration out
of the source-rock (Ungerer, 1990). The proliferation of unconventional petroleum
exploitation is subject to well-documented environmental concerns over natural
gas escape and contamination of the surrounding environment, especially drinking
water aquifers. Characterisation of the noble gas signature of these deep shale
gases is crucial for the development of techniques designed to identify fugitive gas

contamination in these systems (Darrah et al., 2014; Wen et al.,|[2017). As suggested
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by Gyére et al., 2017, high concentrations of radiogenic *He may provide evidence to
distinguish between younger biogenic gas and older shale gas migrating from depth.
Sediment packages similar to the Eagle Ford are proposed to act as seals for carbon
or nuclear waste storage over geological time (Neuzil, 2013; Hendry et al., 2015)).
Our data show that they are permeable to noble gases at least over million-year
timescales, although on the timescales required for sequestration this may differ,
and it is possible that the internal generation of hydrocarbons has affected their

integrity during burial and thermal maturation (Romero-Sarmiento et al., 2013).
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Abstract

The migration of hydrocarbons from source-rock to reservoir represents one of
the critical stages of petroleum system evolution, but is challenging to study

geochemically and thus remains poorly understood. Noble gas isotopes are widely
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used as tracers in a variety of subsurface fluid systems, and due to their inert
nature potentially provide a unique geochemical tool for understanding the effects
of hydrocarbon migration. The recent proliferation of unconventional hydrocarbon
production (i.e., directly from source-rocks), enables us to analyse fluids from these
strata for the first time. Here we present new noble gas isotope and abundance
data from 27 natural gas wells within the Haynesville basin, including (n==8) from
the unconventional Haynesville source-rock. In addition, we report data from
samples derived from the overlying conventional reservoirs within Cotton Valley
(n=>5), Travis Peak (n=9), and James Lime (n=>5). Samples consist primarily of
methane (>70%), with small contributions from longer chain hydrocarbons, and
other gases such as CO5 and N,. Noble gas abundances for both atmosphere-derived
and radiogenic isotopes are significantly higher in conventional reservoirs, clearly
reflecting the effects of the migration process. We present a model that can be used
to constrain the volumes of rock and groundwater encountered by the conventional
gas accumulation. Specifically we observe progressive incorporation of mantle-
sourced *He and radiogenic *He and “°Ar with increasing migration distance from
the source-rock. This results in a counterintuitive distribution of 3He/*He values,
with the greatest contributions of mantle He observed in the shallowest reservoirs.
We interpret this to be due to mixing between a pristine source-rock signature and an
endmember characterised by elevated He/*He and “°Ar/3¢Ar, likely representative
of mantle-enriched groundwater circulating in the wider hydrogeological system
of the basin. In order to ascertain the processes controlling the introduction of
these external noble gases into the impermeable source-rock, we model the flux
of He across the basin using a finite-difference approximation of the advection-
dispersion-reaction equation. We find that whilst the Haynesville source-rock is
relatively impermeable to groundwater advection, groundwater flow in the overlying
sandstones can transport mantle 3He and radiogenic *He. Vertical diffusion from

the adjacent strata can then introduce the external signatures into the source-rock.
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3.1 Introduction

In petroleum systems hydrocarbons are generated within low-permeability organic-
rich shales (source-rocks), before being expelled into surrounding strata and migrat-
ing into a high-permeability reservoir (Magoon and Dow, (1994). Unconventional
hydrocarbon production exploits the fact that significant volumes of generated oil
and gas can be retained within the source-rocks, however, the degree to which
impermeable rocks can act as reservoirs and conduits for subsurface fluid flow
is not well constrained.

The recent proliferation of unconventional hydrocarbon production utilises
advanced techniques such as directional drilling and hydraulic fracturing (Curtis,
2002)). The environmental impact of these activities has been the subject of much
public concern and academic research (Rivard et al., 2014; Vengosh et al., 2014]).
Noble gas isotopes have been used as tracers to study the effects of unconventional
production on surrounding groundwaters (Darrah et al., 2014; Barry et al., 2018b)),
although the effect of migration on noble gas isotope signatures is not well understood
(Prinzhofer, 2013; Byrne et al., 2017)).

In this study, we analyse a suite of produced natural gases from the East Texas
Basin. This area is an ideal natural laboratory for studying the effects of migration
on geochemical tracers due to the coexistence of unconventional production from
the Haynesville source-rock, and related production from the overlying conventional
reservoirs (Mancini et al., 2008; Hammes et al., 2011). By comparing the migrated
hydrocarbons in the conventional reservoirs with those retained in-situ within the
Haynesville, we are able to directly observe how the noble gas isotopic signature is
incorporated and modified during migration, and the interaction of the petroleum
system with groundwater and mantle fluids within the basin.

The recent publication of several papers reporting noble gases within unconven-
tional reservoirs have shown that the concentrations observed cannot be explained
simply by closed-system evolution of the source-rock, and in many cases, require

external input of noble gas isotopes from the surrounding strata (Hunt et al., |2012;
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Figure 3.1: Map of study area, showing approximate locations of sampled areas. Sabine
Island complex is a basement uplift feature, that would have been an emergent island
chain during the deposition of much of the relevant stratigraphy, and as such is a key
control on the structure of the basin. Adapted from Hammes et al., 2011l

Wen et al., 2015b; Gyore et al., [2017; Byrne et al., 2018). This raises the question
of what processes are responsible for delivering these external noble gas signatures
into the source-rocks, and what consequences that has for the transport of fluids

and volatiles within the subsurface in a wider sense.

3.2 (eological background

The Haynesville Shale was deposited in a restricted part of the wider East Texas
Basin, USA, bounded to the north by continental North America, and to the south
by the then-emergent Sabine Island complex that forms part of the wider Sabine
Uplift basement high. The Haynesville is Upper Jurassic in age (156-151Ma) and
is overlain by the Bossier Shale. For the purposes of unconventional production,
the Haynesville-Bossier is often considered a single unit, referred to here within as
the Haynesville (Hammes and Frébourg, [2012). Overlying the Haynesville is the
Cotton Valley group sandstones, which represent a flux of terrigenous sediment
from the Northern continent, extending southwards across the basin. The Cotton
Valley extends from the Upper Jurassic into the Lower Cretaceous (151-140Ma),
and consists primarily of fluvial deposits (Bartberger et al., 2003)). The Travis Peak

(Hosston) Formation is similarly a terrigenous clastic influx from the continent to
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the north, of Lower Cretaceous (138-130Ma) age (Fracasso et al., [1988; Becker
et al., 2010)). The Travis Peak and Cotton Valley groups both thin out towards the
south, where various limestones associated with the Sabine Island complex are more
prevalent, including the Lower Cretaceous James Lime (120-115Ma). The layout of
the Haynesville shale play and surrounding geological features are shown in Fig. [3.1]

Petroleum in the basin originated in the Haynesville shale, which is an organic-
carbon rich kerogen. During burial this kerogen was subjected to thermal degra-
dation where oil begins forms first, followed by gas with increasing temperature
(thermal maturity). These petroleum phases are partially expelled from the relatively
impermeable shales, and migrate through the surrounding country rock, in some
cases pooling in structural or stratigraphic traps to form commercial accumulations
of hydrocarbons. Oil production from these migrated accumulations, in high-porosity
reservoirs, has occurred for many decades, and is known as ‘conventional production’
(Forgotson, 1954). This distinguishes it from the relatively recent development
of production of gas directly from the source-rock, known as ‘unconventional
production’ due to the advanced techniques required to produce commercially viable
amounts of gas from such impermeable rocks (Thompson et al., 2011)). In this study
we present data from unconventional wells producing from the Haynesville shale,
as well as overlying conventional reservoirs (Travis Peak, Cotton Valley, James
Lime). The conventional reservoirs contain migrated gas that is sourced primarily
from the Haynesville, with the potential for smaller contributions from in-situ
production or deeper source-rocks such as the Smackover formation (Bartberger
et al., 2002; Bartberger et al., 2003). The burial of the Haynesville shale is thought
to coincide with a high thermal gradient resulting in early thermal maturation
and generation of overpressure (Nunn, 2012)). The area has since been uplifted

as part of the Sabine uplift feature (Ewing, 2009).

3.3 Materials and methods

Samples were collected from three distinct zones within the Haynesville Shale play

area as shown in Fig. The first two zones are in the north and east of Panola



3.83. Materials and methods

88

N = 2 S S

Travis Peak - James Lime

Knowles Lime

Cotton Valley
Bossier

Haynesville Sabine Island
basement high

Smackover

Louann Salt

Figure 3.2: Schematic cross-section of East Texas basin, showing stratigraphy and relative position of sample areas and reservoirs.
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County, where samples were collected from unconventional wells producing from the
Haynesville Shale, as well as conventional wells producing from the overlying Cotton
Valley and Travis Peak sandstones. In the third zone, conventional production is
typically from the James Lime, and so samples were collected from wells targeting
the Haynesville, James Lime, and a single well producing from the Travis Peak.
Details of the geographical zone and the targeted stratigraphic unit for each sample
are given in Table [3.1] as well as absolute depth of the targeted stratigraphic unit
in that location. A schematic cross-section of the basin, showing reservoirs targeted
in each zone and their spatial relationship, is shown in Fig.

Samples were collected directly from producing well heads. Samples for noble
gas analysis were collected in 10mm diameter, refrigeration-grade copper tubes,
which were connected using tygon tubing to a 2-stage pressure regulator attached
directly to the wellhead. The regulator was used to step down the pressure from
the wellstream to 1-2bar. The copper tubes were then flushed with the produced
gas for 10 minutes to avoid air contamination, before being sealed with stainless
steel clamps (Weiss, [1968). In addition, a subset of samples for hydrocarbon gas
geochemistry analysis were collected in industry-standard 300 cm? valve-sealed
stainless-steel cylinders, which were flushed for 5 minutes to avoid air contamination.
These were then shipped to GeoMark Research LTD in Lafayette, Louisiana, USA
for bulk gas composition and C and H isotope analysis of major hydrocarbon species
using standard procedures that are described in detail in Zumberge et al., [2012.
Noble gas isotope analysis was carried out in the Noble Laboratory at the University

of Oxford following procedures outlined in section 1.4.2.

3.4 Results

3.4.1 Bulk gas composition and stable isotopes

All samples exhibit a bulk composition typical for high-maturity thermogenic
gas, bulk composition and isotope data are shown in Table [3.1 The gases are
composed primarily of methane (C;), with smaller contributions from longer-chain

hydrocarbons ethane, propane, and butane+ (Cy, C3, C4+). Methane concentrations
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Composition s3C oD

(mole%) (%0 VPDB) (%0 VSMOW) Well
mmﬁﬁ&a OH Qm Qw O%AT OOw Zm QH Om Ow OOw QH Qmﬁﬁw AEV
L5 870 58 1.7 29 1.2 1.5 -40.5 -25.7 -23.6 -10.4 -158 2100
SM4 879 56 1.6 25 1.1 1.3 -40.3 -25.2 -23.1 -10.3 -161 2100
HL9 83.9 88 3.0 25 1.3 04 -44.1 -284 -26.1 -4.4 -183 2600
HL6 82.0 &89 36 3.7 15 0.3 -44.0 -27.9 -25.7 -3.0 -182 3100
BMS& 85.5 6.8 2.1 27 14 1.7 -41.5 -26.2 -24.3 -13.2 -167 3100
BC7 nd. nd. nd nd nd nd nd. nd nd nd n.d. 3100
BM14 &892 63 14 20 1.6 0.1 -40.9 -23.6 -19.1 2.0 -170 3600
NH1 940 32 04 09 20 0.1 -38.8 -19.9 -15.5 4.9 -157 3700
RE11 927 35 07 07 16 0.7 -39.1 -249 -22.7 -11.8 -160 2400
F1T 88.4 47 14 25 14 1.6 -39.2 -25.5 -23.8 -11.0 -160 1900
F13 8.6 47 14 22 1.6 14 -39.2 -254 -23.7 -10.2 -159 2000
AC1 nd. nd. nd. nd nd nd nd. nd. nd nd. n.d. 2000
F24 72.6 126 6.9 6.3 14 0.2 -45.3 -31.5 -28.7 -3.9 -189 2900
AA5 nd. nd. nd. nd nd nd nd. nd nd nd n.d. 2900
G12 nd. nd. nd nd nd nd nd. nd nd nd n.d. 3500
WS13 nd. nd. nd nd nd nd nd. nd nd nd n.d. 3600
MG13 93.0 41 0.6 1.0 1.8 0.2 -39.2 -20.5 -15.8 3.5 -160 3500
HW2 97.5 0.7 0.1 0.2 1.0 04 -34.8 -24.0 -23.7 -0.1 -142 2200
BR2 97.8 0.6 0.1 0.2 1.1 0.2 -34.4 -259 -25.3 0.1 -142 2400
RC1 97.5 0.7 0.1 0.2 1.0 04 -34.6 -24.1 -25.1 0.0 -146 2300
T1 nd. nd. nd. nd nd nd nd. nd. nd nd n.d. 2300
T2 nd. nd. nd. nd nd nd nd. nd nd nd n.d. 2300
G1 974 1.0 0.0 0.1 1.1 04 -35.9 -188 nd. -6.8 -140 2900
C1 969 0.2 00 00 28 0.1 -35.6 -29.4 n.d. 0.4 -145 3700
LH4 964 0.1 00 06 34 0.1 -35.3 -30.5 n.d. 0.1 -141 4600
BC1 959 0.1 00 06 39 0.1 -354 nd. nd. 0.2 -144 4100

Table 3.1: Bulk gas composition and stable isotope data for East Texas gases. Errors are £0.1% for concentrations, and 40.1%o for isotope
ratios. Sample locations and stratigraphic formation of targeted reservoirs are given in Table E



3. Tracing fluid migration in the Fast Texas Basin 91

range from 72.7 to 97.8 mole%, with all samples apart from one being >80%. Isotope
ratios of hydrocarbon compounds are consistent with a thermogenic origin, with
§13C ey ranging from -45.3 to -34.4%0 VPDB, and 6D¢; from -189 to -140%0 VSMOW.
Both of these ranges are consistent with a thermogenic origin of methane rather
than any contribution from biogenic sources (Rice, 1983) There is a small but
distinct difference in isotopic signatures between the three regions sampled. The
carbon isotope composition of methane §'*C¢q in North Panola (-44.1 to -38.8%)
and East Panola (-45.3 to -39.1%0) is consistently lighter than that of the Shelby
county samples (-35.9 to -35.4%0). This suggests a slightly higher thermal maturity
in the Shelby area (Whiticar, |1994), likely as a result of the Haynesville source-rock
being buried to a greater depth in this area of >4000m compared to ~3500m for
the Panola sites, although regional uplift has occurred (Nunn, 2012]).
Non-hydrocarbon gases are present in much smaller amounts, with Ny concen-
trations up to 1.7% and CO, up to 3.9%. Carbon isotope ratios of CO, exhibit
a relatively wide range from -13.2 to 4.9%0, with most samples falling outside
the accepted range of mantle CO5 values (-6 to -3.5%0, Coltice et al., 2004, This
makes it unlikely that there is any significant contribution of mantle CO, in the
gases currently in the reservoirs of the basin. Again we see a difference between
the North and East Panola areas (where 6'3*Ccoq is variable from -11.8 to 4.9%o0)
and the Shelby area, where all samples are within 0.4%0 of zero except for one at
-6.8%0. It is possible that the more stable values close to 0%o in Shelby are due
to a greater proportion of CO, sourced from thermal decomposition of carbonate
minerals (again due to the greater burial depths in this area), whilst the large
range seen in North and East Panola reflects a greater contribution from organic

sources (Whiticar et al., |1986; Golding et al., |2013)).

3.4.2 Noble gas isotopic analysis

Noble gas isotope ratios are reported in Table|3.2] and abundances are reported in Ta-

ble 3.3l



Sample Name Location Formation SHe/*He (R,) +20 2°Ne/**Ne +20 ?'Ne/??Ne +20  OAr/%Ar +20

- L5 N Panola Travis Peak 0.203 0.008 9.51 0.03 0.0399 0.0002 851.5 4.2

= SM4 N Panola Travis Peak 0.181 0.007 9.56 0.03 0.0398 0.0002 852.4 4.4

Q% HL9 N Panola Travis Peak 0.085 0.004 9.51 0.03 0.0376  0.0002 729.1 3.8

. HL6 N Panola Cotton Valley 0.077 0.004 9.51 0.03 0.0374 0.0002 701.9 3.9

; BMS N Panola Cotton Valley 0.167 0.007 9.53 0.03 0.0400 0.0002 808.4 3.9

BC7 N Panola Cotton Valley 0.065 0.003 9.55 0.03 0.0387 0.0002 573.6 6.2

BM14 N Panola Haynesville 0.046 0.003 9.60 0.06 0.0365 0.0002 4934 6.5

NH1 N Panola Haynesville 0.041 0.002 9.64 0.06 0.0348 0.0002 489.3 6.4

RE11 E Panola Travis Peak 0.301 0.012 9.67 0.03 0.0442  0.0002 1061.2 5.8

F1T E Panola Travis Peak 0.311 0.013 9.61 0.03 0.0409 0.0002 1024.1 5.0

F13 E Panola Travis Peak 0.303 0.012 9.66 0.03 0.0412 0.0002 1010.7 5.1

AC1 E Panola Travis Peak 0.262 0.011 9.58 0.03 0.0451 0.0002 967.6 4.6

F24 E Panola Cotton Valley 0.164 0.007 9.59 0.03 0.0396 0.0002 798.7 4.5

AA5 E Panola Cotton Valley 0.113 0.005 9.52 0.03 0.0404 0.0002 706.4 4.4

G12 E Panola Haynesville 0.070 0.003 9.62 0.03 0.0364 0.0002 4775 3.3

WS13 E Panola Haynesville 0.069 0.004 9.76 0.14 0.0377 0.0003 495.5 6.5

MG13 E Panola Haynesville 0.070 0.004 9.66 0.06 0.0370  0.0002 476.3 6.4

HW?2 Shelby James 0.328 0.013 9.68 0.03 0.0456  0.0002 1156.6 6.2

BR2 Shelby James 0.241 0.010 9.64 0.03 0.0445 0.0002 1002.5 6.0

RC1 Shelby James 0.320 0.013 9.69 0.03 0.0454 0.0002 11329 6.3

T1 Shelby James 0.229 0.010 9.54 0.03 0.0453 0.0002 980.9 54

T2 Shelby James 0.251 0.010 9.63 0.03 0.0440 0.0002 9776 54

Gl Shelby Travis Peak 0.273 0.011 9.68 0.03 0.0462 0.0002 986.0 5.6

C1 Shelby Haynesville 0.206 0.008 9.56 0.03 0.0386 0.0002 494.0 3.0

LH4 Shelby Haynesville 0.173 0.009 9.70 0.14 0.0379 0.0003 4773 6.3

BC1 Shelby Haynesville 0.176 0.010 9.68 0.06 0.0408 0.0003 521.5 6.9

HT1 Shelby Haynesville 0.144 0.010 9.79 0.06 0.0336 0.0003 435.9 5.8
N
D

Table 3.2: Noble gas isotope ratios for East Texas gases. 3He/*He ratios are reported in units of R,, where R, is the air ratio of 1.39 x 1076
(Porcelli et al., 2002).



20Ne SGAI‘ 84KI‘ 130)(e 4He 21Ne>k 40Ar>l<
Sample (x1079) 420 (x107%) +20 (x10710) 420 (x1072) +£20 (x107%) +20 (x1072) 425 (x107%) =20

L5 7.54 0.10 32.55 1.27 15.84 0.24 30.74  0.39 4211 1.05 9.33 0.35 18.10 0.71
SM4 7.50 0.10 31.59 1.24 15.44 0.24 29.44 0.38 39.95 0.83 9.04 0.36 1759 0.71
HL9 3.88 0.05 18.66 0.73 9.83 0.15 20.20 0.26 12.86 0.23 3.84 0.16 8.09 0.34
HL6 3.77 0.05 17.34 0.68 8.86 0.14 16.16 0.21 12.00 0.28 3.66 0.14 7.05 0.29
BMS 7.40 0.10 33.03 1.29 16.62 0.26 33.43 0.43 35.93 0.68 9.18 0.38 16.94 0.77
BC7 2.10 0.03 7.85 0.31 3.92 0.06 7.69 0.10 8.76 0.19 2.31 0.10 2.18 0.08
BM14 1.57 0.25 6.74 0.53 3.37 0.53 7.74 1.22 3.52  0.09 1.32  0.05 1.33 0.06
NH1 220 0.35 8.02 0.63 3.87 0.61 8.22 1.29 3.98 0.08 1.44 0.06 1.55 0.06
RE11 3.76  0.05 13.80 0.54 6.81 0.11 13.97 0.18 12.39 0.30 6.09 0.24 10.57 0.40
F1T 7.33 0.10 27.33 1.07 13.40 0.21 27.18 0.35 43.98 0.85 9.51 0.41 19.92  0.75
F13 6.82 0.09 26.69 1.04 13.54 0.21 2847 0.37 41.43 091 8.91 0.38 19.09 0.76
AC1 3.77 0.05 27.11 1.06 14.55 0.22 33.10 0.42 21.13 0.44 6.58 0.26 18.22  0.72
F24 2.63 0.04 13.72 0.54 7.62 0.12 16.96 0.22 10.03  0.23 3.06 0.13 6.90 0.29
AA5 1.96 0.03 9.35 0.37 5.04 0.08 10.72 0.14 8.33 0.18 253 0.11 3.84 0.17
G12 1.41 0.02 5.70  0.22 2.80 0.04 5.59 0.07 2.46 0.06 1.16 0.05 1.04 0.04
WS13 1.31 0.21 6.44 0.51 3.20  0.50 726 1.14 3.61 0.09 1.18 0.05 1.29 0.06
MG13 1.31 0.21 6.23 0.49 3.04 0.48 6.86 1.08 3.07  0.06 1.13  0.05 1.13  0.05
HW2 3.50 0.0 13.55 0.53 6.62 0.10 12.34 0.16 34.64 0.66 6.12 0.24 11.67 0.46
BR2 2.98 0.04 10.89 0.43 4.96 0.08 9.72 0.12 25.26 0.43 4.93 0.19 7.70 0.34
RC1 3.51 0.05 13.79 0.54 6.66 0.10 12.47 0.16 33.67 0.74 6.09 0.23 11.55 0.43
T1 2.39 0.03 9.92 0.39 4.69 0.07 9.73 0.12 14.09 0.24 426 0.18 6.80 0.28
T2 292 0.04 10.83 0.42 5.04 0.08 10.04 0.13 24.69 0.59 4.70 0.19 7.39 0.30
G1 241 0.03 10.82 0.42 5.58 0.09 10.99 0.14 10.33  0.25 4.37 0.18 747 0.31
C1 0.81 0.01 2.59 0.22 3.27 0.05 7.02 0.09 3.30 0.08 0.87 0.04 1.11 0.05
LH4 0.75 0.12 5.55 0.44 3.16  0.50 7.88 1.24 2.08 0.04 0.71 0.03 1.01 0.04
BC1 0.62 0.10 4.79 0.38 2.75 0.43 6.70 1.05 221 0.04 0.78 0.03 1.08 0.05
HT1 1.39 0.21 6.68 0.53 3.62  0.56 8.69 1.31 1.84 0.04 0.66 0.03 094 0.04

Table 3.3: Noble gas concentrations for natural gas samples. Units are cm3STPcm ™3, * indicates the concentration of radiogenic isotope
corrected for atmospheric component.
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Figure 3.3: Helium concentrations and isotope ratios for collected samples. Helium
isotopes are reported relative to the atmospheric ratio R, = 1.39 x 1076 (Porcelli et
al., 2002). Shaded area represents plausible ratios that can be produced by radiogenic
production in Earth’s crust, values in excess of this are likely due to small contributions
of mantle-sourced helium. Sample areas are denoted by colour, and different reservoirs
by marker shape. Haynesville samples are unconventional shale gas, and the remaining
reservoirs are conventional gas accumulations.

Helium

Helium concentrations (*He) range from 2.08 to 43.98 (x10°cm3*STPcm™3). In
all areas, concentrations are significantly lower in samples produced from the
Haynesville, compared to those produced from conventional wells. Helium isotope
ratios (*He/%He) are reported relative to the atmospheric ratio R, = 1.4 x 107¢,
and range from 0.041 to 0.328R,. Fig. shows the relationship between He
concentrations and helium isotope ratios. “He/?*Ne ratios are >6000 for all samples,
which by comparison with the atmospheric *He/?**Ne ratio (0.32), shows that
atmospheric helium contributions are negligible. Helium isotope ratios can therefore
be thought of as 2-endmember mixing between crustal radiogenic helium, with

SHe/*He = 0.02R,, (Ballentine and Burnard, 2002), and small contributions of *He-
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enriched mantle helium, for which sub-continental lithospheric mantle 3He/*He =
6.1R,, (Gautheron and Moreira, 2002; Day et al., 2015). Mantle helium contributions
are calculated to be up to 5.1% for this dataset, with higher abundances of mantle
helium observed in the shallower conventionally-producing wells. The distribution

of mantle helium is detailed further in the discussion section.
Neon

For most samples, neon isotope ratios (*°Ne/?*Ne and ?'Ne/??Ne) show an excess
of the radiogenically-produced 2! Ne and ?2Ne relative to air, for which atmospheric
2Ne/??Ne = 9.78, ?'Ne/**Ne = 0.029 (Porcelli et al., [2002). As shown in Fig.
samples predominantly follow the crustal neon production line, defined by Kennedy
et al.,|[1990. Neon concentrations (*?Ne) range from 0.62 to 7.54 x10™%cm®STPcm 3,
and are typically lower within the Haynesville relative to the conventional samples.
Within the Haynesville samples, concentrations tend to be lower in the Shelby
county area, which shows higher thermal maturity characteristics in terms of
bulk composition and carbon isotope ratios. This relationship between 2°Ne and
thermal maturity was previously observed in the Eagle Ford unconventional shale
(Byrne et al., 2018)), and attributed to the progressive dilution of noble gases
as natural gas continues to be generated through thermal cracking at increased

thermal maturities of the source interval.
Argon

Argon isotope ratios (“°Ar/39Ar) show an excess of radiogenically-produced “°Ar,
ranging from 493 to 1157, compared with the air ratio of 298.6 (Lee et al., 2006)).
Like *He/*He ratios, “°Ar/3¢Ar ratios are higher in the shallower conventional
samples. Argon abundances (3Ar) range from 4.79 to 33.0 x10%cm*STPcm 3,
and show a similar distribution to 2*Ne, being higher in conventional samples,
and lowest in the higher maturity Haynesville samples (shown in Fig. . As
20Ne and 3%Ar are both atmosphere-derived isotopes introduced primarily through

groundwater infiltration, this paralleled behaviour is expected.
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Figure 3.5: Argon isotope ratios and concentrations. Atmospheric ratio is 298.6 (Lee
et al., [2006). Values in excess of atmospheric ratio are due to contribution of radiogenic
40Ar produced by 4°K decay within the crust. 36Ar is introduced into the subsurface
dissolved in groundwater, and its concentration in the gas phase is controlled by solubility-
dependent partitioning upon water-gas interaction (see text). Sample areas are denoted by
colour, and different reservoirs by marker shape. Haynesville samples are unconventional
shale gas, and the remaining reservoirs are conventional gas accumulations.

Krypton and xenon

Krypton and xenon isotope ratios are indistinguishable from air in all samples.
Whilst fissiogenic production of Kr and Xe does occur in the subsurface, it is at
exceedingly low rates and only observed in extremely old, isolated samples (Holland
et al.,[2013; Heard et al., 2018). Kr and Xe abundances (**Kr, 13°Xe) range from 2.75
to 16.62x 107 %cm?®STPcem 2 and 5.59 to 33.43 x1072cm3STPcem 3 respectively.
As has been observed in many other petroleum systems (Bosch and Mazor, (1988}
Torgersen and Kennedy, |1999; Zhou et al., [2005; Barry et al., 2018a)), Kr and Xe
abundances are enriched relative to Ar when compared to air or air-saturated water
values. The extent of this enrichment is strongly correlated between Kr and Xe

(Fig. [3.6), suggesting a common cause. Previous studies have suggested that this
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Figure 3.6: Atmosphere-derived Xe/Ar, Kr/Ar, and Ne/Ar ratios for the East Texas
gases. Kr/Ar vs Xe/Ar ratios suggest mixing between sediments and Air or ASW, Ne/Ar
ratios seem to suggest it is contributions from Air. Sediment endmember from data
compiled by Staudacher and Allegre, [1988], error estimates on sediment endmember are
10%.

excess Kr and Xe may be sourced from the organic-rich shales themselves, due to
preferential sorption of the heavier noble gases onto clay and/or kerogen (Podosek
et al., [1981} Zhou et al., Marrocchi and Marty, 2013).

Fig. |3.6| shows that the Kr and Xe enrichment can be explained by mixing with
a sediment endmember, with oceanic sediment data taken from Staudacher and
Allegre, . The Ne/Ar relationship also displayed suggests that the mixing is
between sediments and air, rather than ASW. This small air contribution appears to
be remarkable constant across the different samples, and is potentially introduced
during production. It is also possible that this endmember represents solubility-

dependent fractionation. Our samples show no clear relationship between sample
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location and extent of Kr and Xe enrichment, however Haynesville samples are

marked by a relatively higher Xe/Kr ratio.

3.5 Discussion

3.5.1 Source-rock to reservoir changes in noble gas isotope
signature

Hydrocarbon migration is the transport of oil and/or gas from the source-rock where
it is generated, into a reservoir where it may form a commercial accumulation (Stain-
forth, 2009). The geochemical effects of migration on hydrocarbon phases remains
poorly constrained yet is an important aspect of the petroleum system (Dembicki
and Anderson, |1989; Barry et al., |2017)). This suite of samples allows us to directly
compare migrated hydrocarbons from conventional reservoirs with the corresponding
non-migrated (unconventional) phases remaining within the source-rock.

One of the most striking differences between the conventional and unconventional
samples is the difference in noble gas abundances. Unconventional samples are
marked by consistently lower abundances than conventional samples for all noble gas
species (Table Fig. [3.3] Fig. [3.5)), suggesting that conventional hydrocarbons
obtain a significant fraction of their noble gas inventory during the migration
process. This systematic difference has been observed in unrelated conventional and
unconventional systems before (Byrne et al., 2017)), but never in the same basin.
This comprehensive dataset demonstrates unequivocally that elevated noble gas
abundances in conventional hydrocarbon accumulations are the direct result of a
longer migration pathway relative to unconventional systems. Conversely, when
hydrocarbons are effectively retained within their relatively impermeable source-
rock, petroleum phases inherit a much lower noble gas inventory. Migration through
the basin stratigraphy and perhaps the residence within a permeable reservoir brings
the hydrocarbons into contact with groundwater to a much greater extent. During
interaction with groundwater, noble gases will preferentially partition into the oil
or gas phase, as they are significantly more soluble in hydrocarbon phases than

in water (Kharaka and Specht, [1988; Prinzhofer, 2013]).
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3.5.2 Effects of migration on gas/water volume ratio cal-
culations

One of the applications of noble gas isotopes in petroleum systems has been the
calculation of volumetric gas/water or oil/water ratios in the subsurface using
Henry’s law solubility-dependent partitioning equations (Ballentine et al., |2002;
Prinzhofer, 2013)). This approach uses the atmosphere-derived noble gas (ANG)
isotopes (*°Ne, 9Ar, 84Kr, 13%Xe; so-called because they have no radiogenic source
in the subsurface), and exploits the fact that they must be introduced dissolved in
groundwater, the composition of which is well-defined. The original approach was
proposed using differential solubilities of the noble gas elements in the subsurface
and calculating gas/water volume ratios (V,/V,,) using the isotopic ratios 2*Ne /¢ Ar,
81Kr /35 Ar, and 3°Xe /3¢ Ar (Bosch and Mazor, [1988; Zaikowski and Spangler, [1990)).
This approach has the benefit of cancelling some of the uncertainties introduced
from extrapolating the required Henry’s constants to reservoir conditions . However,
the observations of pervasive anomalous atmospheric Kr and Xe enrichments in
petroleum (Torgersen et al., [1992; Zhou et al., 2005) alongside better constraints of
Henry’s constants at high temperatures (Fernandez-Prini et al., [2003), and the fact
that 2°Ne/*¢Ar is invariant at V,/V,, > 0.1 under many conditions (Barry et al.,
2016)) has led to reformulations using simply the concentrations of 3¢Ar . Using
20Ne concentrations is also a possible alternative/auxiliary method, but we consider
this less reliable than 3¢Ar due to the increased difficulty of measurement leading
to higher errors (primarily due to mass interference with “°Ar**) as well as the
fact that mantle fluids are enriched in *Ne (Gautheron et al., [2005).

The observations in this system certainly lend credence to the interpretation
of gas/water volume ratios using concentrations of 3¢Ar rather than ?°Ne/3¢Ar.
This is due to the comparison between conventional samples that have undergone
migration, and the unconventional samples which have been generated and produced
in-situ. During migration, the gas phase is predicted to interact and equilibrate
with much large volumes of water, leading to lower V,/V,, values in conventional

samples compared to the unconventionals. While we see a significant distinction
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in 3%Ar concentrations between conventional and unconventional samples (Table
m, Fig. [3.5)), ?°Ne/?*SAr ratios overlap and show no clear relationship (Fig.
3.6). Furthermore, °Ar concentrations are consistently and significantly lower
in unconventional samples (Table , as is predicted for higher V,/V,. We
therefore anticipate that using ¢ Ar concentrations will be the most reliable method
of interpreting subsurface V,/V,, ratios using natural gas samples.

In order to calculate V,/V,, values for the samples concerned, various geometries
and sequences of gas-water interaction can be considered (see Barry et al., 2016]), but
a simple first-order model of a single-step gas-water equilibration can be formulated
starting from Eq. (from Ballentine et al., 2002]).

7 (3.1)

n, =mn

tpt( 16T pyy Vi +1>_1
ST

Where n{ is the number of moles of species i in the gas phase, nl” is the total
number of moles in the system, p,, is the density of water, T is reservoir temperature,
K™ is the Henry’s constant in units of atmKgmol ™!, ~; is the Setschenow coefficient
that accounts for the non-ideality due to salinity, and V}, and V,, are the volumes of
gas and water present respectively. Here species i is 3°Ar. We know that all of our
atmosphere-derived isotopes must have initially been delivered into the subsurface

dissolved in air-saturated water, and so can make the following substitutions.

nd = V,Cemre (3.2)

nit = C*Y p, Vi (3.3)

)

Where C£*P'¢ and C** are the concentrations in the sample and ASW respec-
tively. Substituting Eq. [B.2] and [3.3] into Eq. and rearranging results in the
following equation, which can be used to predict subsurface V,/V,, ratios given

the concentration of °Ar in any sample.

V,  puC&v 16Tpy
Vi O 1955, K

(3.4)
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The initial concentration in ASW used in this study is that of seawater at 10°C
for which [*®Ar] = 1.05 x 107 %cm3STPg! (Kipfer et al., 2002).

Calculated V,/V,, ratios for each sample are shown in Table 3.4} the difference
between conventional and unconventional samples is clear, demonstrating that
there is significantly more groundwater interaction during conventional petroleum

migration compared to unconventional systems.

3.5.3 Accumulation of radiogenic isotopes during migra-
tion

Radiogenic isotopes accumulate in the subsurface over time as a function of
their parent-isotope concentrations. Here we consider “He, produced asa-particles
during U, Th decay; ?'Ne, produced from nucleogenic reactions of *O and **Mg;
OAr, produced from the S+ decay of K. 2'Ne, and °Ar are also introduced
from atmospheric sources, but their radiogenic component (denoted 2'Ne* or
10Ar*) can be calculated by subtracting the atmospheric component using a
purely atmospheric isotope as a normalisation (Byrne et al., 2017). Radiogenic
isotope concentrations are given in Table [3.3] There is a clear distinction between
unconventional Haynesville samples and those from the other conventional reservoirs.
The unmigrated Haynesville samples have consistently lower radiogenic isotope
abundances, despite being produced from the geologically oldest reservoirs. This
suggests that residence time is not the primary factor controlling radiogenic isotope
concentrations, and in fact migration plays a key role. By modelling predicted
radiogenic production we can attempt to quantify this .

We can calculate expected in-situ production rates using the following equations

(Ballentine and Burnard, 2002).

Vin
J(*He) = (3.242 x 10°[U] + 7.710 x 10°[Th]) x ¥ (3.5)
A

J(*'Ne) = ((1.48[U] +0.186[T'h])[O] + (0.105[U] 4+ 0.0179[Th])[M g]) x 10~** (3.6)
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Sample Location Formation Well depth (m) Z V,/V, Vg da?/A?

L5 Briggs Travis Peak 2100 167 324 877 0.40
SM4 Briggs Travis Peak 2100 167 33.3  8.55 0.39
HL9 Briggs Travis Peak 2600 196 56.2  4.62 0.28
HL6 Briggs Cotton Valley 3100 224 60.8  4.57 0.52
BMS Briggs Cotton Valley 3100 224 319 11.01 1.46
BC7 Briggs Cotton Valley 3100 224 134.0 141 0.06
BM14  Briggs Haynesville 3600 248 156.1  0.95
NH1 Briggs Haynesville 3700 253 131.2  1.13
RE11 Bethany Travis Peak 2400 185 76.2  5.69 0.33
F1T Bethany Travis Peak 1900 154 38.5 8.93 0.39
F13 Bethany Travis Peak 2000 160 394 8.92 0.41
AC1 Bethany Travis Peak 2000 160 38.8  8.50 0.39
F24 Bethany Cotton Valley 2900 213 76.8  4.27 0.41
AA5 Bethany Cotton Valley 2900 213 1125 2.38 0.17
G12 Bethany Haynesville 3500 244 1845 0.73
WS13  Bethany Haynesville 3600 248  163.3  0.92
MG13  Bethany Haynesville 3500 244 168.8  0.79
HW?2 Huxley  James 2200 173 773 5.90 0.20
BR2 Huxley James 2400 185 96.5 4.15 0.14
RC1 Huxley  James 2300 179 76.2  6.04 0.21
T1 Huxley  James 2300 179 106.0  3.55 0.11
T2 Huxley  James 2300 179 97.4  3.84 0.12
G1 Huxley  Travis Peak 2900 213 97.4  4.63 0.22
C1 Huxley = Haynesville 3700 253 188.2  0.81
LH4 Huxley  Haynesville 4600 291 189.5  0.85
BC1 Huxley Haynesville 4100 271 219.6 0.85
HT1 Huxley  Haynesville 4400 283 1575 0.78

Table 3.4: Parameters calculated for the investigation of migration behaviour in the basin.
Z is compression factor representative of change in relative volume between reservoir and
STP conditions (see text). V,/V,, is gas/water volume ratio calculated from atmospheric
36 Ar abundances. Vg is the encountered rock volume required to produce observed
radiogenic “°Ar abundances. a?/A? is the factor representing the relative cross-sectional
area of hydrocarbon generation to migration conduit, discussed in text. As such this is
not shown for unconventional samples that have not undergone migration.
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Figure 3.7: Radiogenic isotope abundances in samples, subscript Z denotes that samples
have been normalised to reservoir pressure and temperature conditions, and as such
concentrations are per unit volume of pore-space rather than per unit of the produced
natural gas. Asterisk indicates that abundances have been corrected for atmospheric
contributions. Grey lines indicate predicted radiogenic isotope production ratio, with
calculations detailed in the text. Black circle is predicted total accumulation within the
Haynesville source-rock over the 150Myr since its deposition. Sample areas are denoted by
colour, and different reservoirs by marker shape. Haynesville samples are unconventional
shale gas, and the remaining reservoirs are conventional gas accumulations.
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Parameter Value
U] Appm
[Th] Sppm
K] 20, 000ppm
[O] 48%
[Mg] 1%
) 10%

["He]p,  3.20 x 1073
[#'Ne*],;  1.60 x 10710
[OAT*], 342 x 1074

Table 3.5: Haynesville Shale parameters used for radiogenic production calculations

Vi
Na
Where J(7) is the production of species i in cm®*STPg 'yr~t, U, Th, and K

J(PAr) = 102.2[K] x (3.7)

concentrations are in ppm, O and Mg concentrations are in wt%, and V}, and
N4 are the molar gas volume and Avogadro’s number, required to convert from
atoms into cm3STP. Chemical analysis of Haynesville shale cores show typical [U] =
4ppm, [Th] = 8ppm (Sano et al., [2013a)), and typical sedimentary values for other
elements are [K] = 20,000ppm, [O] = 48wt%, [Mg] = 2wt% (Plank and Langmuir,
1998; Ballentine and Burnard, 2002)). The predicted concentration of the radiogenic

isotope in the gas phase can then be calculated from the flux:

[i] = (3.8)

Where [i] is the concentration of species ¢ in the pore-space in cm3STPem ™3, ¢
is the elapsed time, and ¢ is the porosity, for which the average in the Haynesville
is 10% (Hammes and Frébourg, 2012)). Predicted concentrations of radiogenic
isotopes accumulated since the deposition of the Haynesville Shale (~150Ma) are
given in Table [3.5

In order to compare our calculated concentrations with those measured in the

samples, we must take into account the gas compression experienced at reservoir
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depth. Our calculated radiogenic production rates are in cm3STP per unit volume
of reservoir pore-space, but our measurements in cm3STP per unit volume of sample
gas. We can account for the difference by simply compressing the sample gas back

down to reservoir conditions using the ideal gas law to derive a correction factor ‘7’

V;’es o Trespo

7 — -
Vb TOp'res

(3.9)

[PAr], = [P Arf] x Z (3.10)

Where subscript ‘0" indicates STP and ‘res’ indicates reservoir conditions. We can
estimate reservoir temperature and pressure using typical temperature and pressure
gradients of 35°Ckm~! and 100atmkm ! respectively. Calculated correction factors
for each sample are given in Table [3.4]

We can now compare our predicted radiogenic isotope concentrations with
the measured values, plotted in Fig. Measured [*'Ne*] and [*°Ar*] are
strongly correlated, and their production ratio is in closed agreement with predicted
production rates. [*He| shows more variability when compared to [**Ar*], and
production is mostly in excess of the predicted “He/*°Ar production rate. This
could be due to several factors. *He/’Ar is more likely to be affected by diffusive
or solubility-controlled fractionation than 2!Ne/4°Ar, and further fractionation can
occur on release of radiogenic isotopes from mineral phases, as *He undergoes
a-recoil upon production, facilitating its expulsion (Ziegler, |1977; Farley et al.,
1996). We therefore consider “°Ar* to be a more reliable indicator of radiogenic
isotope abundance.

Fig. [3.7 clearly shows that the unconventional Haynesville samples that have
not undergone migration plot relatively close to the predicted in-situ accumulation
abundances of ?!Ne and %°Ar. However, the samples that have migrated into
shallower reservoirs have radiogenic isotope abundances far in excess of what could
have accumulated in-situ, despite being in geologically younger reservoirs. This
indicates that the radiogenic isotopes must have been entrained into the gas phase

during migration, as the gas phase was exposed to a larger volume of rock. We
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can compare the observed [**Ar*] to the predicted and define a ‘volume of rock’,

Vg, representative of this increased exposure.

[40147,,*]2

Vi = [047] o7

(3.11)

Where Vg is the volume of rock from which the sample is inferred to have
acquired radiogenic isotopes, [*°Ar*]); is the predicted in-situ radiogenic isotope
concentration, given in Table [3.5] Calculated Vg for each sample is shown in Table
[3.4l The unmigrated Haynesville samples have an average Vg of 0.87, compared

to 5.87 for the conventional samples.

3.5.4 Insights into migration behaviour from combined radiogenic-
atmospheric isotope approaches

In the previous 2 sections, we derived 2 independent parameters that can both be
related to migration distance from the source-rock. The gas-water volume ratio
V,/V,, derived from atmospheric *°Ar, is expected to decrease with increasing
migration distance, as more groundwater equilibrates with the gas phase. The
radiogenic rock volume Vg is derived from radiogenic “°Ar* and is expected
to increase with increasing migration distance. Both parameters show marked
distinctions between conventional and unconventional samples, indicative of the
greater migration distance experienced by conventional accumulations.

If we consider a conceptual model of gas migration, we might expect a gas phase
to originate in the source rock, having some initial V,/V,, ratio , and an initial
Vg of around 1. Upon expulsion from the source-rock into the surrounding strata
we would expect the gas to equilibrate with surrounding groundwater, acquiring
both atmospheric **Ar and radiogenic *°Ar*, and consequently decreasing V,/V,,
and increasing V. This concept is illustrated in Fig. In a simple system with
little variation in radiogenic production and groundwater age we can directly equate
the change in V,;/V,, and Vg, as they are inversely proportional. Further, we can
consider V,,/V, instead to get a simple relationship of direct proportionality. Fig.

shows a plot of the computed V,,/V, vs Vx for our sample suite. The samples
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source-rock

reservoir

Gas is initially generated within
the source-rock and equilibrates
with surrounding groundwater at
some initial gas-water volume
ratio V4/V,,. Radiogenic isotope
rock volume Vp is initially
approximately equal to 1,

At the onset of migration, gas is
expelled from the source-rock and
equilibrates with groundwater in
adjacent strata, decreasing Vy/V,,
and increasing Vg. A 2x increase in
Vg will result in a 2x decrease in
Vg/Vy.

Figure 3.8: Conceptual model showing the relationship between gas/water volume ratios and total rock volume interaction. Assuming gas
volume remains constant and groundwater flow is relatively static compared to hydrocarbon migration timescales, the recorded gas/water
volume ratio (V4/V,,) in the gas phase should be inversely proportional to the total rock volume (Vg) encountered.
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Figure 3.9: Calculated relative rock volumes encountered (V) versus recorded water/gas
ratio (Vy,/V,) for measured samples. Lines plotted are models considering direct
proportionality between the 2 variables with different coefficients k. See text for definitions
and calculations of parameters. Sample areas are denoted by colour, and different reservoirs
by marker shape. Haynesville samples are unconventional shale gas, and the remaining
reservoirs are conventional gas accumulations.

are remarkably well correlated, suggesting that this simple conceptual model is
broadly accurate. We can compare the samples to our model by formulating
it mathematically.

Vi

U=k xV,
v, "R

Where V,,/V, is the water-gas volume ratio (inverse of V,/V,, calculated in

(3.12)

section 5.1.2), Vg is the radiogenic rock volume calculated in Section 3.5.3, and k
is a constant that conceptually represents the initial V,,/V, inside the source-rock,
when Viz=1. We plot 2 model lines for values of £k = 0.0025 and k = 0.07 in Fig.
It is impossible to fit the dataset with a single k-value, however, samples trend
towards a line with a lower k-value as their Vi increases. This could be due to

several reasons, including changes in porosity or parent isotope concentrations from
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source-rock to reservoir affecting radiogenic isotope production, lateral migration of
older groundwaters increasing radiogenic isotope concentrations, instead of a simple
static system, or the result of secondary cracking increasing relative gas volumes
either in the reservoir or source-rock. Nevertheless, the general trends exhibited in
this approach show clear and consistent effects of migration, and indicate that the

noble gases have real potential for investigating migration in petroleum systems.

(Reservoir)

Migration
conduit

Source
rock

Figure 3.10: Conceptual model showing migration conduit from source-rock to reservoir.
The calculation of relative radii of source-rock to migration conduit volumes are discussed
in the text, as a proxy for the extent of localisation of hydrocarbon migration.

We can gain further insight into migration behaviour by comparing our calculated

parameters with observed differences in stratigraphic depth. Conventional wisdom
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dictates that cross-formational hydrocarbon migration occurs along relatively
constrained pathways (Dembicki and Anderson, 1989). We can investigate this
hypothesis by comparing the difference in depth between source-rock and reservoir,
along with the volume of rock required by our radiogenic isotope calculations, Vg.
In a simple single-conduit model of migration, we can assume gas is generated in
some source-rock volume Vgu,,ce and migrates along a pathway with a volume V4.

A schematic representation of this model is shown in Fig. [3.10]

Viource = TA%d (3.13)

Where d is the thickness of the source-package and A is the radius. The thickness
of the Haynesville source-rock is typically around 80m (Hammes et al., 2011). The

volume experienced along the migration pathway can also be calculated.

Voatn = ma”D (3.14)

Where D is the migration path length (calculated by taking the difference
between the reservoir depth and source-rock depth), and a is the radius of the
migration conduit. In our definition of Vi we stated that with zero migration the
gas phase would acquire Vi = 1, and that the observed Vg represented the total
volumes of rock seen relative to the expected source-rock production in-situ. We
can therefore equate Vg to the ratio of the source-rock volume V. to the total
rock volume experienced by the gas phase (Vsource + Vpatn). We can then rearrange
the equations to solve for a?/A? which represents the theoretical ratio of the conduit
cross-sectional area to the cross-sectional area of the associated source-rock. In
reality, hydrocarbon migration occurs in a more complex fashion, and over is not a
single-stage process. As such, this parameter does not directly represent any physical

property, but is a useful derived parameter for comparison of migration style.

V;ource + V;Jath

‘/SO’U/I‘CC

Vi = (3.15)
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CL2 o (VR — 1)d
E= (3.16)

If a®/A? < 1, then the gas will have migrated along a narrow conduit relative to
the associated source-rock volume from which the gas was generated. Calculated
values for all conventional samples are shown in Table |3.4] and we show that for
all samples apart from 1, a®/A? is indeed less than 1. It should be noted that
this value represents an upper limit for the migration conduit size, as it makes
the assumption that all radiogenic isotopes are acquired during migration, and
neglects any additional equilibration that might take place whilst the gas is stored
in the reservoir. These results suggest that hydrocarbon migration occurs along
relatively localised conduits. Interestingly, the different locations sampled display
different values, with Shelby county samples having the lowest a?/A? of around
0.1-0.2, whilst Panola county samples are generally higher at a range of around
0.4-0.6. This could be reflective of migration process, and suggests that migration
in the Shelby county region has occurred to a greater extent along a few localised
conduits such as fault planes. In the Panola county areas the migration appears to

be more diffuse, perhaps indicating a more connected or extensive fracture network.

3.5.5 Helium and Argon isotope relationships

Helium and argon isotopes show a clear positive correlation with unconventional
samples, which are consistently lower in both 3He/He than their unconventional
counterparts, and shallower conventional samples showing the strongest enrichment
(Fig. [3.11). Within the conventional North and East Panola sample suites, the
data show a parabolic trend indicative of 2-endmember mixing.

One endmember (A) is clearly characterised by strongly radiogenic *He/*He
values, and atmospheric *°Ar/36Ar values. This endmember can be interpreted
as the result of a closed-system radiogenic accumulation within a typical crustal
system. Starting from an initial ASW composition, <10 Myr of radiogenic ingrowth
will skew the 3He/*He ratio heavily towards the radiogenic endmember of 0.02R,,

(Ballentine and Burnard, 2002), but the *°Ar/3¢Ar will stay relatively unchanged
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Figure 3.11: Helium and Argon isotope ratios for measured samples. Mixing lines are
plotted between endmember A, representative of a closed-system source-rock evolution,
and endmember B, interpreted to represent groundwater circulation in the wider
hydrogeological system. Sample areas are denoted by colour, and different reservoirs
by marker shape. Haynesville samples are unconventional shale gas, and the remaining
reservoirs are conventional gas accumulations.

from air. This is due to the higher production rate of *He (roughly an order of
magnitude higher than “°Ar), but also because the much higher initial abundance
of argon in ASW makes impacting the ratio more difficult (Kipfer et al., 2002]).
The second endmember (B) clearly has elevated He/*He approaching mantle
values, and elevated °Ar/35Ar, due to an excess of radiogenically produced “°Ar.
Excess radiogenic °Ar can be source from the crust or the mantle, as both have high
10Ar /3¢ Ar ratios. However, in the previous section we showed a clear correlation
between crustal-radiogenic “°Ar, ?!Ne, and *He, making a crustal source for “°Ar
much more likely. Furthermore, mantle *He/*°Ar* varies between 1.6 to 4.2 (Graham,
2002), while sediments (particularly organic-carbon rich source-rocks) are typically
higher, ranging from 10-20 (Ballentine and Burnard, 2002)). Samples in this study are

more commensurate with the latter source, ranging from 11.7 up to 40.6. However,
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it is difficult to exclude the possibility of “He/%Ar* fractionation during mineral
release or due to solubility-dependent partitioning (Ballentine and Burnard, 2002)).

In Fig. North and East Panola county data are plotted along with a mixing
line starting from the well-defined endmember A. Mixing with a pure mantle helium
endmember, for which sub-continental lithospheric mantle *He/*He = 6.1R,, (Day
et al., [2015]), would lead to an argon isotope ratio of °Ar/*6Ar = 1700. However,
this is an unrealistic endmember for a number of reasons. Firstly, as observed
in the previous section and shown in Fig. , radiogenic “He abundances also
increase with *He/*He ratios. Furthermore, a pure mantle endmember would have
a much higher °Ar/3Ar of around 10,000 (Graham, 2002), and would not correlate
with other radiogenic isotopes as shown in Fig. [3.7, A better conceptual model is
that of mixing between pure source-rock endmember A, and endmember B as a
hybrid between mantle, radiogenic, and sedimentary signatures representative of
the general groundwater circulation through the stratigraphy, which lies somewhere
along the mixing line displayed in Fig. [3.11] As such, the mixing can be thought of
as the extent of influence from the wider hydrogeological regime within the basin.

If we choose endmember B to have 3He/*He ratio similar to the highest observed
in our samples, at around 0.33, this corresponds to a “°Ar/3¢Ar ratio of 1100 on
the mixing trajectory for the Panola County area samples. We can then explain
the Shelby area samples which have relatively higher 3He/*He ratios than those
further north. If we allow the r-value of the mixing curve to vary we can fit the
Shelby samples with the same 2 endmembers. This conceptually means raising the
He/Ar ratio of endmember B in the Shelby area, which does make sense given the
observed distribution of mantle He ratios, which consistently increase towards the
south. We can therefore fully explain the observed He and Ar isotope relationships
with a 2-endmember mixing model, with increased migration distance leading to

a greater mixing towards endmember B.
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3.5.6 Numerical modelling of mantle helium input

The unintuitive distribution of helium isotopes described in the previous section
leads to the question of how these exotic isotopes are introduced into the various
reservoirs, in such a fashion as to produce the observed data. The behaviour of
helium within groundwater must obey the laws of solute transport in porous media.
These are well-understood and encapsulated in the advection-diffusion-reaction

equation in Eq. as follows.

gj =V . (rDVc¢) -V - (puc) + R (3.17)

Where c is the concentration of the species of interest in the groundwater, D is
the diffusion coefficient, u is the velocity vector, ¢ is porosity, and R is the net result
of any reactions that contribute or remove the species from solution. Being inert,
helium does not participate in any chemical reactions, but the radiogenic production
of helium must be considered as source in the subsurface over geological time. The
effects of the porous media on diffusion are represented by the tortuosity 7, which
can be defined in several ways but is often approximated as ¢* (Dullien, [1979).

In the system under consideration, we make the assumption that mantle helium
is delivered from depth along the southern edge of the basin, through the Sabine
Island basin uplift (see Fig. and [3.2). This assumption is justified by: (i)
the observed pattern of *He/*He ratios being consistently higher in the south, (ii)
several previous studies showing that fault-bounded basement blocks are associated
with high 3He/*He ratios (Hooker et al., 1985; Oxburgh et al., 1986), and (iii)
the presence of the thick impermeable Louann Salt in the centre of the basin,
likely precluding any vertical migration here. An illustration of the distribution of
mantle helium isotopes and the interpreted transport pathway is shown in Fig. [3.12
This assumption infers that mantle helium must be transported 10’s of kilometres
across the basin from the Southern edge.

A simple 1D consideration of helium diffusion in sediments tells us that purely

diffusive mechanisms are incapable of providing the transport flux necessary. The
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characteristic timescale for diffusion, ¢t = L?/(7D), is much higher than could be
considered reasonable. The diffusion coefficient of helium at 400K is 24 x 10~ 5cm?s™?
(Jahne et al., |1987), and tortuosity in a shale with porosity of 10% would be 0.01.
For transport over a distance L=10km this results in a characteristic timescale of
t=12Gyr, and even a conservative estimate of 40% porosity in a sandstone would

result in t=800Myr, much older than the basin itself.

We can also consider advection under Darcy’s law.

u= —ﬁ&) (3.18)

Where u is velocity, k is permeability, dp is pressure gradient, p is the viscosity
of water (~8.9 x 107*Pas), and ¢ is porosity. To achieve a velocity of TkmMyr~!
a typical shale with k=1x10"''cm? requires a pressure gradient of 2100Pakm !,
whereas for a sandstone it will be considerably smaller. To investigate fluid flow
mechanisms, we utilised a finite-element model implemented in crunchflow - a
specialised software package for solving reactive-transport equations in porous
media (Steefel and Lasaga, [1994).

Firstly, we input a representative cross-sectional stratigraphic representation of
the region, produced from basin-modelling and gridded it into a 100x100 2D space
(Fig. . We then populated porosity, permeability, and tortuosity properties
for the different stratigraphic layers using well-established methods for estimating
these parameters as a function of depth, and lithology (Athy, (1930; Pittman,
1992)). The upper edge of the model space is treated as an open boundary to
the atmosphere, and the Louann Salt, being impermeable, acts as an effectively
closed boundary along the bottom edge.

Evolution of the model under a purely diffusive regime failed to introduce
significant quantities of *He into the relevant strata, even over Myt timescales.
However, the introduction of even a small pressure gradient of 10Pakm™! across
the basin, results in an evolution towards a distribution close to that observed
in the data (Fig. [3.13). The key features of the behaviour of the model under

these conditions are that horizontal advection is effectively confined to the more
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permeable sandstone layers. As expected, there is no significant advection in the
impermeable shales. However, the movement of fluids in adjacent permeable strata,
allows vertical diffusion of 3He into the impermeable layers over Myr timescales. The
combination of these effects produces the observed wedge-shaped intrusion of mantle

3He into the basin, with highest *He/*He in the shallower, more permeable zones.

3.6 Conclusion

In summary, we present new noble gas isotope and abundance data for natural gases
sampled from 27 wells in East Texas, USA. The presence of both unconventional
source-rock reservoirs and associated conventional gas accumulations in this basin
allows us to use these data to investigate the geochemical effects and behaviour of
natural gas migration and gain insight into the interconnectivity of these systems.
There are significant differences in both noble gas abundance and isotope ratios
between unconventional and conventional samples. Abundances of both atmosphere-
derived isotopes and radiogenic isotopes increase dramatically in conventional
accumulations, demonstrating the importance of migration in the acquisition of
these isotopes. Helium isotopes are also higher in conventional samples, showing
that mantle fluids are correspondingly incorporated during migration.

We combine air-derived and radiogenic noble gas data to calculate gas-water
volume ratios, as well as the total encountered rock volume during migration.
We extend these models to validate conceptual models of migration behaviour
(Schowalter, (1979; Allan, |1989), and conclude that gas migration occurs along
relatively confined pathways. These observations improve our understanding of
gas migration behaviour and provide insight into wider basin dynamics and the
connectivity of hydrocarbon reservoirs. In a petroleum systems context, oil and/or
natural gas forms one part of a complex multi-phase regime including groundwater
and COy-rich mantle fluids (Magoon and Dow, [1994; Prinzhofer et al.,|2010; Vengosh
et al., 2014). Understanding the interplay between these has crucial implications
not only for hydrocarbon production, but also for contamination (Darrah et al.,

2014; Woda et al., 2018)), and containment of CO, (Gilfillan et al., [2009; Gyore
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et al., 2015)) or nuclear waste (Osenbriick et al., [1998; Hendry et al., 2015). The
results from this study show clearly that mantle fluid incorporation is a function
of migration distance from the source-rock for natural gases, and that input of
mantle-sourced fluids could be across lengthscales of up to 100’s of km. The high
abundance of radiogenic isotopes further suggest interaction with large volumes of
old groundwater. Together these are indicative of a remarkably well-connected and

intrinsically interlinked subsurface fluid system in the basin as a whole.
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Abstract

Geothermal fluids are a key geochemical component in volcanic systems. Noble
gases are ideal tracers of fluid provenance and processes in the subsurface. We
present new data for complete noble gas isotope and abundance data (He, Ne, Ar,

Kr, Xe) from 29 geothermal gases: 16 from geothermal power boreholes and 13
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from naturally-degassing fumaroles. Samples are taken from both the Northern Rift
Zone (NRZ) and Western Rift Zone (WRZ) of Iceland. Helium isotope ratios are
MORB-like in the NRZ, with values in excess of MORB up to 16.92R,, in the WRZ.
Neon isotopes show enrichment in primordial ?°Ne/??Ne, plotting close to the solar-
air mixing line. Helium and neon isotope systematics are decoupled, consistent with
previous studies. Argon, krypton and xenon isotopes are indistinguishable from air.
Atmosphere-derived noble gas (ANG) isotopes (**Ne, 36Ar, 8 Kr, 139Xe) are strongly
correlated and show evidence for solubility-controlled fractionation. A pure air-
saturated water source for these ANG isotopes is not consistent with our observations,
and instead a small (10%) external contribution with a similar composition to
that observed in sediments is required. Multiple-stage gas-water equilibration is
required to explain the observed magnitudes of ANG fractionation, supporting
repeated boiling/condensation/degassing episodes in the subsurface geothermal
system. Concentrations and stable isotope ratios of other major geochemical species
show relationships with *He/*He ratios. In some cases (4D and 6'%0 of HyO) this is
likely to be a superficial relationship due to the geographic distribution of MORB
vs OIB signals. However, other observed correlations (e.g. 6D and 6'3C of methane)

may be indicative of deeper source or process controls.

4.1 Introduction

Fluids in geothermal systems represent the conduits by which key geochemical fluxes
are transferred between the interior of the Earth and its surface. Understanding the
composition and behaviour of these fluids informs us about the nature of the interior
reservoirs of the planet, and the processes of volatile element cycling between
them. Geochemistry reveals that domains within the mantle have undergone
different evolutionary histories (Zindler and Hart, |1986; Hofmann, |1997)). The
mechanisms by which these reservoirs transfer volatiles has crucial implications
for the chemical inventories and state of the surface of the Earth’s oceans and
atmospheres (Varekamp et al., [1992; Canfield, |2004; Dasgupta and Hirschmann,
2010; Anderson and Poland, 2017)).
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Noble gases are ideal tracers in geochemical systems due to their inert nature,
and distinct isotopic composition between different terrestrial reservoirs (Porcelli
and Ballentine, 2002). They have been widely applied in terrestrial chemistry both
to identify and delineate different volatile reservoirs (Sano et al., [1985; Poreda
et al., [1992; Hilton et al., 1998 Marty and Zimmermann, 1999; Cartigny et al.,
2001; Marty, [2012), and to estimate fluxes of volatile elements (Marty and Jambon,
1987; Marty and Tolstikhin, 1998; Barry et al., 2014} Lowenstern et al., 2014; Day
et al., 2015; Boucher et al., 2018; Broadley et al., 2018). Furthermore, noble gases
have a wide range of uses as tracers of fluid movement, age and interaction in the
subsurface, allowing process and timing to be distinguished from source features
(Ballentine and Hall, |1999; Kulongoski et al., [2003; Lehmann et al., 2003; Gilfillan
et al., [2008; Gumm et al., |2015; Barry et al., [2016).

Iceland is an ideal natural laboratory for studying geothermal fluids. It exhibits a
wide range of different geochemical environments and processes across a small region,
as evidenced in the wide range of geochemical signatures observed in both fluids and
lavas, for noble gases as well as as a number of other chemical tracers (Sigmarsson
and Steinthdrsson, [2007; Sigmarsson et al., |2008). It also has an abundance of
geothermal fluid activity, with primary fluids composed of dilute meteoric water,
making it easier to distinguish primary sources and processes affecting volatiles
(Stefansson et al., 2017). Finally, geothermal energy production from boreholes is
widespread, as are many vigorously-degassing fumaroles, providing ample sampling
opportunities with minimal atmospheric contamination (Fiiri et al., 2010)).

In this study we present full noble gas isotope and abundance data from 13
fumarole and 16 borehole fluids (He, Ne, Ar, Kr and Xe). Samples are taken
from a range of geographic locations in Iceland, representing different geothermal
regimes. We discuss fluid provenance, and investigate geothermal fluid behaviour
using elemental ratios of atmosphere-derived noble gas isotopes. We also compare

noble gas isotope data to major gas geochemistry and stable isotope data.
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4.2 Geological setting and background
4.2.1 Overview

The unique geology of Iceland is a result of the interaction between the Mid-Atlantic
divergent plate boundary and the Iceland mantle plume. The island itself represents
a subaerial section of the Mid-Atlantic ridge, emergent from the ocean due to
enhanced crustal thickness from the increased melting associated with the mantle
hotspot (White et al., [1995; Darbyshire et al., 2000)). Seismic tomography studies
show a clear region of anomalously low P- and S-wave velocities beneath central
Iceland, indicative of an underlying mantle hotspot (Bjarnason et al., [1993; Wolfe
et al., |1997). The ultimate source of this hotspot is not completely resolved, with
some studies claiming a shallow source (Ritsema et al., 1999), and others suggesting
that it may extend as deep as the core-mantle boundary (Helmberger et al., 1998;
Bijwaard and Spakman, (1999; Zhao, [2004)). The geological landscape has also
been relatively dynamic on geological timescales. The plate boundary itself is
migrating westward relative to the mantle plume (Bjarnason, 2008), and there is
both geochemical and geophysical evidence for dynamic mantle plume behaviour

over time (Marty et al., [1998; Poore et al., 2009; Parnell-Turner et al., 2014]).

4.2.2 Neovolcanism

Current volcanic activity on Iceland is ubiquitous, and falls primarily into two types
of neovolcanic zones. Axial rift zones connect the Mid-Atlantic ridge across the
island from the Kolbeinsey ridge in the North to the Reykjanes ridge in the South. In
Northern Iceland the axial rift is constrained to a single Northern Rift Zone (NRZ),
whilst in the Southern part of the island it is separated into distinct Eastern and
Western Rift Zones (ERZ and WRZ), separated by a seismically-active transform
fault region known as the South Iceland Seismic Zone (SISZ) (Einarsson, [2008)).
Off-axis volcanic flank zones lying around the central rifts include the South Iceland
Volcanic Zone (SIVZ), Snafellsnes Volcanic Zone (SNVZ), the Orafajokull Volcanic
Zone (OVZ) and the older Vestfirdir region (Oskarsson et al., 1982; Jakobsson
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et al., |2008)). See Fig. for a map of the different volcanic zones showing their

distribution and relationship to the island.

4.2.3 Geochemical background

The geochemical evolution of Iceland is often interpreted as a result of mixing be-
tween a depleted MORB mantle endmember (DMM) and a mantle-hotspot endmem-
ber characteristic of ocean-island basalts (OIB). This mixing is evidenced in several
geochemical parameters including La/Sm, 2°Pb/29Pb, 87Sr /%68y, 113Nd /1*Nd, and
SHe/*He (Hart et al., 1973} Schilling, [1973; Sun et al., 1975; Taylor et al., |1997;
Hilton et al., 2000; Thirlwall et al., 2004; Peate et al., [2010)). However, other studies
attribute trace element and Sr-Nd-Pb-Hf isotope variations to chemical and isotopic
heterogeneities within the mantle source itself (Mertz et al., [1991; Hards et al.,
1995; Kerr, 1995; Thirlwall, [1995; Chauvel and Hémond, 2000; Kempton et al.,
2000; Fitton et al., |2003; Macpherson et al., 2005b)).

In terms of the noble gases, *He/*He ratios are supportive of MORB-OIB mixing,
with values averaging ~8R, in the NRZ, typical of MORB samples worldwide
(Moreira et al., |1998; Graham, |2002; Haroardottir et al., [2018), and higher ratios up
to 24R, in central Iceland and the ERZ, where the centre of the plume is inferred
to be (Condomines et al., [1983; Tryggvason et al., 1983; Kurz et al., 1985; Breddam
et al., [2000; Macpherson et al., 2005a)). However, the highest 3He/*He ratios
are reported from Vestfirdir, up to 34R, (Hilton et al., 1999; Ellam and Stuart,
2004)), although this region is also associated with a Bouguer gravity anomaly
(Kaban et al., [2002). For a comprehensive review of helium isotope distributions
across the island (in geothermal fluids, volcanic glasses and phyric lavas) as well
as their relationship to the wider geochemical and geophysical characteristics of

the region, see Hardardottir et al., 2018

4.2.4 Geothermal activity and geothermal fluids

Geothermal activity in Iceland is classified into low- and high-temperature systems,
where high-temperature systems experience temperatures > 150°C at depths of 1km

(Bodvarsson, [1961; Fridleifsson, [1979). The majority of high-temperature systems
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Figure 4.1: Map of Iceland, showing sample locations alongside principal volcanic
provinces and areas of glacial coverage. In several cases multiple samples were taken in
close proximity, and are represented with a single symbol. Locations where fumarole
samples were taken are marked with a triangle, and borehole samples with a circle. Dark
grey region is the main rift zone area across the island, connecting the Reykjanes and
Kolbeinsey ridges. NRZ=Northern Rift Zone, WRZ=Western Rift Zone, ERZ = Eastern
Rift Zone, SISZ = South Iceland Seismic Zone, SIVZ = South Iceland Volcanic Zone,
SNVZ = Snafellsnes Volcanic Zone, OVZ = Orzfajokull Volcanic Zone. Adapted from
Barry et al., 2014

are associated with the axial rift volcanic zones. Iceland makes extensive use of
geothermal energy for district heating and electricity production, around 53% of the
total energy consumed in Iceland comes from geothermal energy (Kristmannsdottir
and Armannsson, 2003)). For a classification of the different geothermal areas and

their associated energy production, see Stefansson et al., 2017.

4.3 Materials and Methods

Samples were collected across 3 sampling campaigns (2015, 2016, 2017), from both
fumarole and borehole gases. Sample locations are shown in Fig. [£.I Samples were
collected in 10mm refrigeration-grade copper tubes, following procedures outlined in

section 1.3.1. For borehole samples, a regulator was used to decrease the sampling
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pressure down to 1-2bar. For fumarole samples a plastic funnel was used to seal
around the degassing vent, and the exhaust tubing submerged in water to assist
with flushing of air. A selection of samples were also collected for analysis of major
gas geochemistry and stable isotopes, in both water and vapour phases. Noble gas
abundance and isotope ratio measurements were carried out at the University of
Oxford, following procedures outlined in section 1.4.2. Major gas abundance and

stable isotope ratios were carried out at the University of Iceland.

4.4 Results

We report noble gas abundance data in Table and noble gas isotope ratio data
in Table 4.2l Abundances are reported for the wet gas bulk sample, including any
water vapour that was present during sample collection. As such, the presence of
variable contributions of steam to gas will be the cause of much of the variation

in noble gas abundance.

4.4.1 Helium

Measured helium isotope ratios (*He/*He) are reported relative to the atmospheric
ratio (where air = 1R,) and show a range from 7.29 to 16.92. These values can be
corrected for atmospheric helium in order to better represent the mantle isotope ratio
itself. Helium isotopes show a clear distinction between NRZ sample sites (Krafla,
Askja, Kverkfjoll, Namafjall, Peistareykir) and WRZ (Kerlingarfjoll, Reykjanes,
Olkelduhdls, Hvergerdi). NRZ samples range from 7.29 to 10.53R,, consistent with
typical MORB values from the Mid-Atlantic Ridge. The compilation by Graham,
2002| of 236 Mid-Atlantic MORB glass samples has a median==8.08, mean=9.58 with
o = 2.94. WRZ samples range from 11.41 to 16.92R,,, suggesting a greater mantle
plume influence, where OIB values are typically elevated compared to MORB, up
to 50R, (Stuart et al., 2003)). Samples 15-AS-10, 16-AS-01 and 17-NM-3 are all
produced from the same borehole, and their range from 7.51 to 9.44R, shows the
potential for some variability in He isotope ratios through time. Overall, these

new data are consistent with previous observations of the regional distribution of
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Sample ID Type Location Well ‘He =lo 2Ne =lo AT +lo 8Kr +lo 130Xe +lo
(x1077) (x107%) (x1077) (x10719) (x10719)
17-PEI-1 B beistareykir w7 0.81 0.03 1.51 0.03 1.33 0.03 27.44 0.10 0.31 0.01
17-PEI-H  F beistareykir 0.27 0.01 43.60 0.88 37.81 0.87 32597 1.23 2.38 0.04
17-KRA-4 B Krafla w20 124.42  5.09 57.30 1.16 19.11 0.44 552.86  2.09 5.48 0.09
17-KRA-2 B Krafla w3l 45.67 1.87 7.87 0.16 2.75 0.06 95.00 0.36 1.29 0.02
17-KRA-5 B Krafla wl 23.02 0.94 7.40 0.15 6.48 0.15 140.23  0.53 1.70 0.03
17-KRA-B F Krafla 256.49 10.48 49.30 1.00 18.72 0.43 603.47 2.28 724 0.13
17-KRA-1 B Krafla w34 115.00 4.70 6.81 0.14 18.18 0.42 337.29 1.27 4.01 0.07
17-ASK-3 F Askja 43.31 1.77 1.24 0.03 0.98 0.02 27.02 0.10 0.33 0.01
17-ASK-1  F Askja 47.10 1.93 1.45 0.03 1.08 0.02 23.71 0.09 0.28 0.00
17-KVE-2 F Kverkfjoll 111.51 4.56 7.69 0.16 6.00 0.14 69.51 0.26 0.69 0.01
17-KVE-K F Kverkfjoll 107.74  4.40 3.02 0.06 241 0.06 39.64 0.15 0.46 0.01
17-KVE-1 F Kverkfjoll 126.50 5.17 32.70  0.66 10.08 0.23 272.86 1.03 2.95 0.05
17-NM-3 B Namafjall w9 63.74 2.61 49.20 0.99 20.69 0.48 726.62 2.75 8.72 0.15
15-AS-02 F Krysuvik 62.96 1.69 23.29 047 8.06 0.19 243.35 0.92 2.75 0.05
15-AS-17 B Reykjanes wlb 371.78  9.96 95.65 1.93 29.94 0.69 738.98 2.79 8.64 0.15
15-AS-06 F Kerlingarfjoll 36.07 0.97 23.72 0.48 10.21 0.24 275.51 1.04 3.42  0.06
15-AS-08 B Krafla w16 56.07 1.50 19.11 0.39 6.62 0.15 190.40 0.72 2.15 0.04
15-AS-10 B Namafjall w9 47.02 1.26 54.27 1.10 21.39 0.49 n.d. 8.63 0.15
16-AS-01 B Namafjall w9 34.58 0.93 32.46 0.66 13.92 0.32 466.24 1.76 5.70  0.10
16-AS-02 B Namafjall wl3 2.35 0.06 16.83 0.34 5.55 0.13 170.96  0.65 1.88 0.03
16-AS-08 F Namafjall 31.71 0.85 189.93 3.84 43.09 0.99 n.d. 9.79 0.17
16-AS-03 B Krafla w37 4.53 0.12 1.02  0.02 0.44 0.01 16.31 0.06 0.24 0.01
16-AS-04 B Krafla w3l 32.57 0.87 37.96  0.77 11.78 0.27 329.24 1.24 3.76  0.07
16-AS-10 F Olkelduhals 115.15 3.08 25.68 0.52 8.90 0.21 270.27 1.02 3.17 0.05
16-AS-11 F Hvergerdi 19.90 0.53 79.89 1.62 25.95 0.60 661.24 2.50 7.96 0.14
16-AS-12  F Hvergerdi 99.81 2.67 116.55  2.36 40.99 0.94 n.d. 14.52  0.25
16-AS-13 B Svartsengi w9 1.82  0.05 0.73 0.01 0.95 0.02 45.67 0.17 0.64 0.01
16-AS-14 B Svartsengi wll 0.39 0.01 0.29 0.01 0.34 0.01 14.12 0.05 0.21 0.01
16-AS-17 B Reykjanes wll 55.24 148 17.85 0.36 5.63 0.13 177.25 0.67 1.95 0.03

Table 4.1: Concentrations of noble gases in Iceland geothermal gas samples. Concentration units are in cm*STPcm~3. B = Borehole
sample, F = Fumarole sample.



Sample ID  Type Location Well 3He/*He =+lo0 2°Ne/?*Ne +1o 2 Ne/??Ne =lo WAr/36Ar  +lo
(R/Ra)

17-PEI-1 Borehole  Peistareykir w7 9.60 0.42 10.07 0.05 0.0335 0.0003 260.8 2.6
17-PEI-H  Fumarole Peistareykir 9.67 0.44 10.01 0.05 0.0325 0.0003 267.0 3.0
17-KRA-4 Borehole Krafla w20 729 0.35 9.83 0.05 0.0302 0.0003 302.6 3.5
17-KRA-2 Borehole Krafla w3l 741 0.34 9.92 0.05 0.0283 0.0003 307.3 4.0
17-KRA-5 Borehole Krafla wl 10.53  0.48 9.76  0.05 0.0311 0.0003 2726 2.8
17-KRA-B  Fumarole Krafla 9.28 0.33 9.48 0.05 n.d. 297.0 3.3
17-KRA-1 Borehole Krafla w34 9.19 0.35 n.d. n.d. n.d.
17-ASK-3  Fumarole Askja 10.15  0.40 9.96 0.05 0.0294 0.0003 295.2 3.6
17-ASK-1  Fumarole Askja 10.33  0.48 10.01  0.05 0.0276  0.0003 316.1 4.0
17-KVE-2  Fumarole Kverkfjoll 8.42 0.30 9.53 0.05 0.0270  0.0003 306.6 3.7
17-KVE-K  Fumarole Kverkfjoll 8.46 0.35 9.72 0.05 0.0282 0.0003 299.6 3.6
17-KVE-1  Fumarole Kverkfjoll 8.30 0.32 9.34 0.05 0.0260 0.0003 3004 3.7
17-NM-3 Borehole  Namafjall w9 9.44 0.42 9.71 0.05 0.0264 0.0003 302.7 3.5
15-AS-02  Fumarole Krysuvik 11.41 0.39 9.94 0.05 0.0292 0.0003 301.2 3.2
15-AS-17  Borehole Reykjanes wlb 14.61 0.54 9.86 0.05 0.0291 0.0003 305.1 3.3
15-AS-06  Fumarole Kerlingarfjoll 14.26  0.59 9.86 0.05 0.0291 0.0003 303.9 3.0
15-AS-08  Borehole Krafla w16 8.77 0.31 9.92 0.05 0.0292 0.0003 300.0 3.8
15-AS-10  Borehole Namafjall w9 7.51 0.33 9.78 0.05 0.0290 0.0003 307.0 3.2
16-AS-01  Borehole Namafjall w9 7.98 0.36 9.77 0.05 0.0289 0.0003 306.1 4.2
16-AS-02  Borehole Namafjall wl3 8.55 0.33 10.00 0.05 0.0293 0.0003 303.5 4.0
16-AS-08  Fumarole Namafjall 10.28 0.45 9.67 0.05 0.0288 0.0003 307.1 3.5
16-AS-03  Borehole Krafla w37 10.19 0.44 10.35 0.05 0.0293 0.0003 273.1 3.5
16-AS-04  Borehole Krafla w3l 9.04 043 9.89 0.05 0.0292 0.0003 301.1 3.9
16-AS-10  Fumarole Olkelduh4ls 15.62  0.58 9.90 0.05 0.0292 0.0003 3029 3.6
16-AS-11  Fumarole Hvergerdi 15.90 0.71 9.81 0.05 0.0290 0.0003 304.4 34
16-AS-12  Fumarole Hvergerdi 16.92 0.76 9.80 0.05 0.0290 0.0003 305.6 3.2
16-AS-13  Borehole Svartsengi w9 14.47 0.67 9.87 0.05 0.0284 0.0003 n.d.
16-AS-14  Borehole Svartsengi wll 13.28 0.60 10.04 0.05 0.0241  0.0002 n.d.
16-AS-17  Borehole Reykjanes wll 14.73  0.52 9.92 0.05 0.0292  0.0003 304.9 3.2

Table 4.2: Noble gas isotope ratios for Iceland geothermal gas samples. Helium isotope ratios are reported relative to the atmospheric ratio

R, = 1.4 x 1075 (Porcelli et al., [2002)
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helium isotope ratios in Icelandic geothermal fluids (Torgersen and Jenkins, [1982;
Sano et al., [1985; Hilton et al., 1990; Marty et al., |1991; Poreda et al., [1992; Hilton
et al., 1998 Fiiri et al., 2010; Hardardéttir et al., |2018). Helium concentrations
(*He) range from 0.39 to 371.78 x10~"ecm3*STPcm—3
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Figure 4.2: Plot of helium isotope and concentration data for Iceland geothermal fluid
samples. Fumarole samples are denoted by triangles, and borehole samples by circles.
Isotope ratios are reported relative to the atmpspheric ratio Rq = 1.4 x 1076,

4.4.2 Neon

Neon isotope ratios (**Ne/??Ne and ?'Ne/??Ne) in volcanic systems are typically
interpreted as mixing between atmospheric values, for which ?°Ne/??Ne = 9.78
and ?'Ne/*Ne = 0.029 (Sano et al., [2013b), and a variety of different mantle
endmembers (Craig and Lupton, 1976). The primordial neon isotope composition
of the Earth is assumed to be approximately that of solar values, which are strongly
elevated in *Ne/??Ne (=13.78) and moderately in !Ne/?*Ne (=0.0329) when
compared to air (Heber et al., |2009)). This results in a steep mixing slope when

plotted on a 3-isotope neon plot, as in Fig. . Radiogenic production of 2'Ne
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and **Ne through Wetherill reactions (Wetherill, [1954), will decrease *?Ne/**Ne
and increase 2!Ne/??Ne over time. OIB samples typically plot closer to the solar
neon mixing line, with MORB samples following a distinct, shallower trend (Sarda
et al., 1988 Trieloff et al., |2000; Graham, 2002).

The majority of our samples plot close to, but slightly below the solar neon
mixing line, as shown in Fig. [£.3] although there is some scatter in other samples.
This is consistent with measurements of glasses by Trieloff et al., 2000, and previous
studies of Icelandic neon isotopes (Fiiri et al., [2010). Interestingly, both samples from
beistareykir appear to plot along the MORB mixing line. This might be expected,
as their He isotope ratios support a predominantly MORB source, but He and Ne
isotope systematics in Iceland are often observed to be uncorrelated (Dixon et al.,
2000; Trieloff et al., 2000; Moreira et al., 2001; Dixon, 2003]). This ‘decoupling’ of
He and Ne isotopes is likely due to mixing of distinct mantle endmembers, degassing

fractinoation, and interaction with atmospheric sources (Fiiri et al., 2010).

4.4.3 Argon

Argon isotope ratios (**Ar/*¢Ar) are predominantly similar to the atmospheric ratio
of 298.6 (Lee et al., 2006). There are however several samples that have measured
ratios significantly lower than the atmospheric value. As there is no known reservoir
with such low Ar isotope ratios it is likely that these were fractionated during sample
collection and/or storage. Several of the affected samples (e.g. 17-KRA-1) that have
anomalous Ar isotope ratios also have anomalous Ne isotope ratios. The presence of
mantle argon would be indicated by elevated *°Ar/35Ar, as the mantle reservoir has
10Ar/35Ara 10,000 (Graham, 2002). The lack of elevated argon isotope ratios in our
sample suggests that the argon is overwhelmingly introduced from an atmospheric
source, likely the shallow circulation of air-saturated water (ASW). Ar abundances

(36Ar) range from 0.39 to 43.09 x10~"cm*STPcm 3.
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Figure 4.3: Neon 3-isotope plot for Iceland geothermal fluids. Mixing lines are shown between the isotopic composition of the atmosphere
and a series of different endmembers, including MORB, Solar, and a series of different OIB’s. These different mixing trajectories are
calculated from a series of datasets compiled in Graham, [2002] Fumarole samples are plotted as triangles, and borehole samples as circles.
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4.4.4 Krypton and xenon

Krypton and xenon isotope ratios are all indistinguishable from air, and are not re-
ported here. Kr abundances (34Kr) range from 14.12 to 738.98 x10~%cm®STPcm 3,
and Xe abundances (1*°Xe) from 0.28 to 14.52 x107%cm3STPcm 3.

4.5 Discussion
4.5.1 Atmosphere-derived noble gas isotopes

The distribution of atmosphere-derived noble gas (ANG) isotopes (*°Ne, 3¢Ar,
81Kr, 130Xe) has previously been successfully applied to investigate gas-water
phase interactions and partitioning in subsurface groundwater and petroleum
systems (Mazor, |1972; Ballentine et al., [1996; Castro et al., [1998a; Barry et al.,
2016; Tolstikhin et al., 2017) . ANG isotopes are not produced radiogenically in
the subsurface, nor are they found in significant amounts in other endmembers
(Ballentine et al., 2002). Their provenance in geothermal fluids can therefore
be attributed completely to processes delivering atmospheric isotopes into the
subsurface. This is principally dissolved in air-saturated water, which equilibrates
at the surface and then flows through subsurface aquifers (Aeschbach-Hertig
et al., |2000). The composition of ASW is well-constrained (Kipfer et al., 2002).
Once in the subsurface, this initial distribution can be fractionated by solubility-
controlled processes such as dissolution, exsolution, boiling and condensation
(Ballentine et al., 2002).

In Fig. we plot concentrations of the ANG isotopes. Their abundances
are all strongly correlated, and range across several orders of magnitude. Very
low concentrations are observed in 2 samples from the Krafla geothermal plant, 2
boreholes from the Reykjanes region (both from the Svartsengi geothermal plant),
fumarole samples from Askja and Kverkfjoll and the Peistareykir borehole sample.

In Fig. [4.5| we show inter-elemental ratios of ANG isotopes (*Ne/*6Ar, 84Kr /% Ar,
130X e /36 Ar and 84Kr/!3Xe). These ratios show clear relationships, strongly sug-

gestive of solubility-controlled processes. $1Kr/3¢Ar vs 139Xe/30Ar is very strongly
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Figure 4.4: Concentrations of atmosphere-derived noble gas isotopes. Atmospheric
and ASW (freshwater at 10°C) compositions are marked by the black and blue squares
respectively. Dotted lines are 1:1 trajectories of dilution/concentration and represent the
effects of addition/removal of carrier gas phases without fractionating the elemental ratios.
Fumarole samples are plotted as triangles, and borehole samples as circles.
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Figure 4.5: Inter-elemental ratios of atmosphere-derived noble gas isotopes in Iceland

geothermal fluids.

Atmospheric and ASW (freshwater at 10°C) compositions are

marked by black and blue squares respectively. Sedimentary endmember is off-scale,
and has a composition of 2°Ne/36Ar=0.026, 8*Kr/36Ar=0.059, 3°Xe/36Ar=0.0016,
84Kr /130X e=37 (Staudacher and Allegre, [1988)). Pink domain represents the range
of potential compositions that can be achieved by 2-stage gas-water partitioning starting
from a composition of ASW plus a 10% sediment contribution, at a temperature of 300K.
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correlated for all samples. The gradient of the trend is almost exactly the same
as the offset between air and the initial ASW composition, which is expected for
solubility-dependent fractionation. However, there is a clear offset showing a small
Xe-enrichment relative to the air-ASW line. This, alongside the fractionations in
excess either side of air and ASW rule out simple mixing to explain the trend.

The relationship for 2°Ne/36Ar vs 13%Xe/3¢Ar is similar for the majority of
samples. However, there is a subset that show strongly ASW-like Ne/Ar, whilst
still preserving fractionated Xe/Ar. This could be due to a later addition of pristine
ASW, which due to being enriched in Ne and Ar, could strongly affect Ne/Ar ratios
whilst still preserving Kr and Xe variations. The samples which have ASW-like
Ne/Ar are also the samples which were observed to have the lowest abundances in
Fig. [£.4] Tt is possible that these samples were collected from boreholes producing
very little gas and large amounts of water/steam rich in ASW-like Ne/Ar.

The observed trends can be explained by the presence of a small contribution of
sedimentary noble gases to the initial ASW composition. Sedimentary noble gases
are enriched in Kr and Xe, which would account for the shifting of the data to higher
Xe/Ar values (Staudacher and Allegre, [1988)) . Iceland is primarily composed of
volcanic rather than sedimentary rocks, making the presence of ‘sedimentary’ noble
gases puzzling. However, the process responsible for the acquisition of enriched
Xe and Kr in sediments is thought to be adsorption (Podosek et al., |1980), and it
is possible that Icelandic basalts also experience this sorptive enrichment to some
extent. Alternatively, groundwaters may acquire this component whilst flowing
through surficial soils, which would have a high sorptive capacity.

If we allow our initial composition to contain 10% of a sedimentary composition
in addition to ASW, we can explain the majority of the data using solubility-
controlled models. The partitioning of a noble gas species following Henry’s law
between a gas and an initial water phase can be calculated using Eq. , after
Ballentine et al., 2002, and Barry et al., 2016L

i), = ( 2241 + 1) T
¢ =\ 27307, K, x (Vy/ Vi) e

(4.1)
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Where [i], and [i]s, are the number of moles of noble gas ¢ in the gas and
initial air-saturated water phase respectively, ~; is the salinity-dependent Setschenow
coefficient (Smith and Kennedy, 1983)), K; is the Henry’s coefficient (Fernandez-
Prini et al., 2003), V,/V,, is the gas to water volume ratio, and T is temperature.
It can be seen that for large V,/V,, the number of moles in the gas phase is equal
to the initial number of moles in the water phase, maximum fractionation occurs
at low V,/V,,. We can calculate predicted fractionation of inter-elemental ratios
simply by performing the above calculation for each species and comparing. Here
we assume that the effects of salinity are minimal, and that ~; ~ 1.

In Fig. the pink domain represents the possible compositions that can be
attained in the gas phase using a double-stage gas-water equilibrium partitioning
model, starting from a dissolved composition of ASW plus 10% sediments, and
equilibrating at a temperature of 300K. The trajectory of the fractionation is in the
correct direction for all the observed ratios. However, the magnitude of the observed
fractionation is greater for a number of samples. This indicates several episodes of
solubility-dependent partitioning in a multi-stage process, which could be caused
by repeated boiling and condensation of geothermal fluids in the subsurface, a
phenomenon that has been investigated using other geochemical tools (Stefansson
et al., 2016b). Further work will be needed to reconcile noble gas observations with
these existing methods, and to explore the additional insights that could be gained

from an additional noble gas based constraint on these processes.

4.5.2 Major gas chemistry and stable isotopes

Geothermal fluids in Iceland are dominantly composed of HyO (Stefansson et al.,
2017)), but a range of minor components are used for the investigation of different
processes within the system using both abundances and isotope ratios (Friedman
et al., 1963 Aggarwal et al., 2000; Arnérsson et al., [2006; Stefansson and Barnes,
2016; Thomas et al.,|[2016]). In Fig. We show the abundances of several important
chemical species in both the gas and aqueous phases, alongside helium isotope

ratios. In terms of the gas phase, samples from the NRZ show consistently higher
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Figure 4.6: Relationships between helium isotope ratios and the abundance of major chemical species in both gas (top row) and aqueous
(bottom row) phases. Fumarole samples are plotted as triangles, and borehole samples as circles. Aqueous phase chemistry is not taken from
fumarole samples, due to the lack of a significant liquid phase. Major gas and solute chemistry values from Stefidnsson (unpublished data).
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abundances of HsS, and fumarole samples tend to have higher HyS concentrations
as well. COy abundance follows a similar pattern, with NRZ zone with MORB-
like helium isotopes having highest concentrations of CO,, especially in fumarole
samples. In terms of CHy, the fumarole samples from Kverkfjoll have elevated
abundances, alongside borehole samples from Namafjall, which has been reported
previously (Olafsson and Armannsson, 2013).

For the associated aqueous phases, both Cl and K are present at much higher
abundances in WRZ samples, likely as a result of seawater infiltration (Arnérsson
and Andrésdéttir, (1995 Armannsson, 2016). The aqueous concentrations of sulfur
species HsS and SO, are also correlated with helium isotopes, with the higher
SHe/*He samples from the WRZ showing consistently high SO4 and low H,S,
indicative of a more oxidised environment (Bjorke et al., 2015; Stefansson et al.,
2015 Stefidnsson and Barnes, 2016). NRZ samples with MORB-like 3He/*He have
a wider range of concentrations of both.

Isotope ratios for major elements C, H and O in different species and phases are
shown in Fig. with many showing a clear relationship with helium isotope ratios.
For H,O in both aqueous and vapour phases, both §'80 and JD are consistently
heavier in WRZ samples with high 3He/*He ratios. However, this is likely a
circumstance of geography due to the fact that the precipitation happens to be
isotopically heavier in the Northern half of Iceland, and especially further from the
coast, as the majority of our NRZ samples are situated (Arnason, [1977)).

Of greater interest is the relationship between helium isotope ratios and the
§13C and 6D in methane. The source of methane in geothermal fluids is not well
understood (Stefansson et al., |2017). Some studies have supported an abiogenic
origin using isotopic data (Lollar et al., [2008; Proskurowski et al., 2008), while
others have suggested that isotopic equilibrium is unlikely to have been reached
even at high temperatures (Stefinsson and Arnérsson, 2002). Several authors
have suggest that methane must derive from both mantle/basaltic sources and
the thermal degradation of organic matter (Poreda et al.,|1992; Botz et al., [1999).

These data show a clear positive correlation between *He/*He isotope ratios and
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both '3C and dD of methane. Helium isotopes are typically viewed as a definitive
indicator of source rather than process, suggesting the possibility of source-control
on the methane isotopes. A similar pattern is also observed in the §'3C of CO,,
although the variation is much smaller at only ~2%o. It is possible there is some

influence from CO, isotopes on methane, even without reaching equilibrium.

4.6 Conclusion

We present new high precision noble gas isotope and abundance data for 29
geothermal fluid samples from Iceland. Samples are taken both from boreholes
drilled for geothermal power plants, and naturally-degassing fumaroles. Noble
gas isotopes have been used extensively in Iceland previously for investigating the
different deep mantle endmembers that contribute to the volcanic regimes (Poreda
et al., |1992; Hilton et al., [1999; Barry et al., [2014; Colin et al., 2015). These
data corroborate the observations concerning the distribution of helium isotope
ratios between the different volcanic zones of the island (Torgersen and Jenkins,
1982; Condomines et al., [1983; Kurz et al., [1985; Hardarddttir et al., 2018)), as
well as the decoupling of neon and helium isotope systematics (Dixon et al., 2000;
Moreira et al., 2001; Firi et al., 2010).

However, there has been relatively little use of noble gases as tracers of physical
fluid processes in the subsurface. This is a crucial aspect of the wider geochemical
system that has been studies using a number of different geochemical tools (Aggarwal
et al., 2000; Stefansson et al., [2015; Halldérsson et al., 2016} Stefansson et al.,
2016al). Here we seek to both reconcile noble gas observations with different
geochemical abundance and stable isotope data, as well as to utilise the behaviour
of atmosphere-derived noble gas isotopes to better understand the gas-water phase
interactions of geothermal fluids at depth.

We show that the distribution of ANG’s is strongly correlated for all measured
samples. The inter-elemental ratios 2°Ne/?0Ar, #Kr /3¢ Ar and 13°Xe/3¢ Ar show clear
trends suggestive of solubility-dependent fractionation. However, certain samples,

particularly those with very low concentrations, appear to have ?*Ne/3¢Ar ratios
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that are overprinted by a later addition of meteoric ASW, possibly introduced
during fluid exhumation and/or sample collection. We show that the observed
trends can be satisfied with a multi-stage solubility-dependent fractionation at
temperatures of 300-500K, starting from a composition that is ASW-like with a
small sedimentary-type addition. One issue is the difficulty in distinguishing a large
number of small fractionations from a few large fractionations. However, these
promising results suggest several avenues that could be explored, especially the
possibility of combining the noble gas observations and constraints with the other
geochemical tools and models that have been used to investigate these processes
(Bjorke et al., |2015; Stefansson et al., 2016b)).

Finally, we show that helium isotopes are correlated with a number of traditional
geochemical parameters, including abundances of Cl, K. H,S, as well as D, 680
in HyO, and 6D and §'3C in methane. Whilst some of these correlations are likely
circumstantial and due to geography, others are potentially representative of deeper
source and process controls on the geothermal fluids themselves. Again, further
work and collaboration will be required to properly understand what information

these relationships may provide.
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5.1 Summary and impact

This study presents the first comprehensive investigation of noble gas isotopes
in unconventional shale gas systems, and their relation to wider subsurface fluid
regimes in the subsurface. The ability to measure natural gas samples that have
been produced directly from the source-rocks in which they were generated leads to
several promising avenues of research. We exploit this in a number of case studies
to directly analyse different aspects of the petroleum system that were previously
unreachable. Previous work in conventional petroleum systems and groundwater
studies has laid the foundations for this project. The use of noble gas isotopes in
the crustal fluids has been previously established for investigating fluid provenance
(Hooker et al., 1985; Oxburgh et al.,|1986; Ballentine and Holland, 2008)) partitioning
(Bosch and Mazor, |1988; Zaikowski and Spangler, 1990; Ballentine et al., [1996),

and residence times (Torgersen and Clarke, 1985 Zaikowski et al., |1987; Zhou
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et al., 2005)). We adapt and develop these approaches to the novel environment of
unconventional source-rock reservoirs, and then to geothermal fluids.

In Chapter 2 we use noble gas analysis of unconventional gas samples to
investigate the generation of hydrocarbons in a natural system. This is a critical stage
in the development of any petroleum system, but one which is challenging to study in
a natural environment due to the time extent of the process (Lewan, 1993; Bernard
and Horsfield, [2014; Peters et al., [2015)). As the Eagle Ford is buried to variable
depths across the basin, it has experienced different time-temperature histories
which manifests as a range of thermal maturities of produced gases (Tian et al.,
2013)). We make the novel observation that atmosphere-derived noble gas isotope
abundances are strongly affected by the extent of gas generation, being diluted
as gas generation proceeds with increased thermal maturity. This phenomenon
is evidenced most clearly in the inverse relationship between [**Ar| and §'*C in
methane, a traditional thermal maturitiy indicator (Berner and Faber, |1988). By
combining this observation with existing studies using geochemical proxies for
gas generation, we are able to place additional constraints and deduce previously
unknown parameters describing gas generation in-situ. We calculate that the
isotopic fractionation imparted during methane generation, ¢ = —27%0. We use
the constraints provided by the noble gas isotope observations to extend previous
models of hydrocarbon generation. From this, we deduce quantitative estimates of
proportional volumes of gas generated within and expelled from the source-rock. To
our knowledge these are the first inferences of their kind based on direct empirical
measurements derived from in-situ gases.

In Chapter 3 we compile an original dataset consisting of natural gases derived
from related source-rocks and conventional reservoirs. This allows us, for the
first time, to directly assess the effects of gas migration on noble gas isotopic
signatures, another crucial stage in petroleum system development that is difficult
to constrain (Stainforth and Reinders, |1990; Hindle, [1997)). We find that abundances
of both atmosphere-derived and radiogenic isotopes are greatly increased during the

migration process, and that their relative enrichments are consistently related. For
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both atmospheric and radiogenic isotopes, we apply simple models to determine the
extent of enrichment due to migration distance. We conclude that migration occurs
through relatively constrained conduits, but that the extent of this localisation
is variable across the basin. This observation validates laboratory simulations of
migration processes (Dembicki and Anderson, [1989)), and suggests consequences
for potential pathways of fluid migration. Additionally, we observe a correlated
enrichment in conventional samples for both mantle-derived 3He and radiogenic *°Ar.
Using a mixing model we ascertain that this isotopic enrichment is likely a result of
increased exposure to the wider hydrogeological system within the basin. Finally,
we investigate the spatial distribution of helium isotope ratios within the basin
using a numerical approach, and conclude that introduction of mantle-derived *He
into impermeable shale gas reservoirs requires a combination of lateral migration in
adjacent porous layers, alongside the occurrence of vertical diffusion. This transport
behaviour raises questions about the ability of low-permeability shales to act as seals
over geological time, which could have implications for trapping of hydrocarbons,
but also for CO5 sequestration or radioactive waste storage (Osenbriick et al., 1998;
Zhou et al., 2012; Neuzil, 2013; Warr, 2013).

In Chapter 4, we focus on a different environment, but one which shares many
features with the petroleum systems discussed in previous chapters. Geothermal
fluids are known to undergo a complex history of phase changes in the subsurface,
involving boiling, degassing, condensation and mixing (Stefansson et al., [2016b)).
Noble gases are an under-utilised tool for determining and quantifying these
behaviours, the physical basis of which is analagous to many of the processes
occurring in the petroleum systems discussed in Chapters 1 and 2 (Mazor et al.,
1981; Ballentine et al., |2002). We measure the full suite of noble gas isotopes
in a large range of geothermal fluids from Iceland. Helium and neon isotope
systematics confirm a strong mantle signature, enriched in primordial *He and
2Ne (Fiiri et al., 2010). Atmosphere-derived noble gases show clear signatures
of fractionation from an initial composition that appears to be similar to ASW

but with a small component enriched in Kr and Xe, which we infer to be from a
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sorbed, sedimentary-style endmember (Staudacher and Allegre, [1988). We show that
the observed fractionation is consistent with multi-stage equilibration, suggesting
several stages of boiling, mixing and phase-partitioning in the subsurface (Bjorke
et al., 2015). We also compare noble gas isotope data with a range of traditional
stable isotope and abundance geochemical data. We anticipate that continued
integration of noble gas analysis alongside these methods has the potential for
significant impacts into our understanding of the physical behaviour of geothermal
fluids. This is important not only for energy in the form of geothermal power, but
also as one of the critical geochemical interfaces between the volatile reservoirs
of the planet, controlling the geochemical evolution and distribution of elements
of the surface (Armannsson et al., 1982 Zindler and Hart, [1986; Fitton et al.,
2003; Barry et al., [2014; Stefansson et al., [2016a)

5.2 OQOutlook and future work

Overall, this work constitutes a solid basis for using noble gas isotopes to understand
fluid behaviour in unconventional shale gas systems. We build on the data and
methods developed in other subsurface fluid systems, and extend their use into a
significant new subsurface environment. We provide case studies that demonstrate
the general mechanisms controlling both hydrocarbon generation/expulsion from
source-rocks, as well as migration from source-rock to reservoir. We anticipate that
the efficacy of noble gases as tracers in unconventional reservoirs and other low-
porosity subsurface systems will be greatly enhanced by the findings presented herein,
alongside the work done by others in the field (Hunt et al., [2012; Darrah et al., 2014}
Wen et al., 2016, Gyore et al., 2017; Moore et al., [2018; Pujol et al., 2018)). However,
further studies will surely elucidate the finer details that control these processes, and
only by combining multiple studies will the universal picture become more apparent.

In terms of progress and future work, several potential avenues of research present
themselves. Analyses in this project were all measured from gas-phase samples,
however water and/or oil phases are also often significant hosts of noble gases in

the crust (Pinti and Marty, [1995; Barry et al., 2018al). Whilst the broad picture
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of the subsurface conditions can be reconstructed purely from gas phase data, it
relies on several assumptions inherent in the model reconstructions (Crovetto et al.,
1982). The measurement of high-precision noble gas isotope data in produced water
and oil phases will provide multiple additional constraints on their partitioning
behaviour in the subsurface, and allow the investigation of areas where there is no
significant gas phase present (Prinzhofer, 2013). The extraction of noble gases from
a liquid phase presents a much more challenging experimental procedure, especially
with oils as they can introduce contaminants into measurement apparatus (Tyne
et al., 2018)). Reproduction and study of subsurface conditions in a controlled
laboratory environment would also give much greater confidence in the assumptions
and extrapolations inherent in these types of analysis (Byrne et al., 2017). Whilst a
base of literature does exist for these sources many are limited in scope or rendered
inaccurate by the capabilities of modern instrumentation (Smith and Kennedy, |1983;
Kharaka and Specht, [1988). It would be timely for a renewed effort to constrain
these parameters with an expanded scope and increased precision, as has been done
for COq-water systems (Warr et al., [2015a; Warr et al., 2015b). The ubiquity and
potential of the noble gases as tracers means that the extension of noble gas isotope
analysis to a range of systems is an intrinsic part of the field. In Chapter 4 of this
work, we show the promise of some of these techniques in geothermal fluids in Iceland.
However, integrating the noble gas analysis within the context of other geochemical
tools is required to maximise the impact and utility of our findings. This will be
a collaborative effort with geochemists from a range of backgrounds, and has the
potential for significant contributions to our understanding of these environments.

Ultimately, this study makes a number of original contributions to the field. The
laboratory capability to measure the full suite of noble gas isotopes to a high precision
in a large number of samples results in a step change in the quality and quantity
of data available. The utility of noble gases as tracers in unconventional shale-gas
reservoirs, and other crustal fluids, is underlined by the wealth of information

available in a large number of isotopes with diverse histories. As such, we expect
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noble gas isotope geochemistry to continue to be an important tool in the analysis

of these environments, and hope that this volume assists in that endeavour.
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Is excess Xe in hydrocarbons associated
with type III kerogen?
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Abstract

No. The presence of anomalously high xenon and krypton abundances in some
produced hydrocarbons is well-documented, yet the process controlling it is not well
understood. This ‘excess’ Kr and Xe is always air-like in isotopic composition, often
well-correlated, and appears in oils and gases of certain petroleum systems but not
others. The source of this excess is often attributed to a trapped component within
sediments, with preferential adsorption of Kr and Xe responsible for the enrichment
in the heavy noble gases. Laboratory studies into the sorptive processes confirm
that this process does enrich Kr and Xe, but fails to explain the variability in this

signature between petroleum systems. If sorption is the controlling process, we
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might expect the kerogen type of the host source-rock to play a role. Here, we
compare noble gas isotopic composition from two hydrocarbon fields determined
to be sourced by type III source-rocks. The Hogsback field is part of the LaBarge
platform in Wyoming, USA, and the Sable Island field is part of the Scotian Basin
offshore of Canada. Our results show that both fields are strongly enriched in
radiogenic noble gas isotopes (*He, 2!Ne, 22Ne, “°Ar) and that no discernible traces
of primordial mantle fluids are present. Abundances of atmosphere-derived argon are
similar in the 2 fields. The Sable Island 3°Xe/3¢Ar ratios are similar to atmosphere
or air-saturated water, <0.6x1073. However, the Hogsback samples show strong
enrichments in 3%Xe/3*¢Ar of up to 2.4x1073, and corresponding enrichments in
81Kr /36 Ar. We compare our dataset with previous literature studies and find that
the nearly all systems which exhibit excess Kr and Xe are consistent with the
influence of a sedimentary-style component. However, we conclude that the kerogen

type is not a primary factor in determining the presence or extent of this enrichment.

A.1 Introduction

The presence of xenon enrichments in natural gases and oils was first reported by
Torgersen and Kennedy, 1999, from hydrocarbons in the Elk Hills field, California.
They observed Xe/Ar ratios up to 567 times that of air, but with definitively
atmospheric xenon isotopes. In the intervening years, many further studies have been
made, and only occasionally is the same xenon enrichment observed. Some studies
find Xe/Ar similar to air or air-saturated water (Gilfillan et al., 2008; Holland et al.,
2009), others highly variable enriched Xe/Ar which does not correlate with Kr/Ar
(Pinti and Marty, 1995; Zhou et al., 2005). However, several studies have observed
a closely-correlated enrichment in both Kr/Ar and Xe/Ar, with values extending
up to several times that of air (Barry et al., 2016; Wen et al., 2017, Barry et al.,
2018a; see also Chapter 3 of this volume). What is clear is that these enrichments
are not observed in non-hydrocarbon fluids, with both deep crustal brines (Heard
et al., 2018) and degassing volcanic fluids (Lowenstern et al., 2014)) showing Kr/Ar
and Xe/Ar ranging between air and ASW, but not extending beyond it.
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This naturally leads to the question of what is controlling this behaviour? It
has been suggested that the preferential adsorption of xenon and krypton onto
sediments during deposition could lead to a sedimentary endmember rich in the
heavy noble gases (Torgersen and Kennedy, |1999)). Measured data from sediments
show enrichments in Kr and Xe relative to air (Podosek et al., 1980; Staudacher and
Allegre, [1988)), and laboratory experiments show that Kr and Xe are more-easily
sorbed than the lighter noble gases, especially on kerogen, and kerogen-rich shales
(Podosek et al., [1981; Marrocchi et al., [2005)).

However, what is causing the inconsistent behaviour observed in produced
gases? One possibility is the type of shale which serves as the source-rock for the
hydrocarbons. Source-rocks are classified into 3 main types based on the source
of the kerogen found within, type I for lacustrine algal, type II for marine algal,
and type III for terrestrial plant matter. Here, we measure 9 gases produced from
2 fields thought to be generated from type III source-rocks, in order to examine

the potential effect on Kr/Ar and Xe/Ar enrichments.

A.2 Geological background

The Hogsback field is part of the LaBarge platform in Wyoming, and produces
from the Jurassic Nugget Sandstone (Dunnewald and Gorton, 1977; Picard, [1977)).
The reservoir primarily consists of eolian deposits, but has relatively low-porosity,
averaging around 13% , and highly variable permeability (Picard, [1975; Lindquist,
1988)). The reservoir itself is around 180m thick and at an average depth of 3000m
where produced (Webel, [1977). The source-rock is thought to be primarily rich
in type III kerogen, rich in terrestrial plant matter and prone to gas rather than
oil generation (Romer et al., |2007).

The Sable Island field is in the Scotian Basin, off the Atlantic coast of Canada,
and has been an area of active and continuous deposition since the Triassic
(Purcell et al., [1979). While the basin contains both type II and type III source-
rocks, Rock-Eval pyrolysis in the Sable Island field supports a type III source
(Mukhopadhyay et al., [1995).
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Figure A.1: Plot of helium isotope and abundance data for Hogsback and Sable Island
samples.

A.3 Results

The measured noble gas abundances are reported in Table [A.1], and isotope ratios in
Table [A.2] Helium isotope ratios are strongly radiogenic in all samples (<0.05R,),
with no evidence for mantle *He input. *He concentrations are slightly higher in the
Hogsback samples, up to 1.2x107% ecm3STPcm 3, as shown in Fig. [A.1] Neon isotope
ratios are shown in Fig. [A.2] and plot close to the expected crustal production
line for radiogenic ! Ne and ??Ne (Kennedy et al., [1990). Argon isotopes are also
predominantly radiogenic, with “°Ar/3*6Ar ratios enriched up to “°Ar/*6Ar=1714
compared with the atmospheric ratio of 298.6 (Lee et al., 2006). Argon abundances
range from 0.63 to 8.36 x10~8cm3STPcm ™3, with no clear distinction between the
2 fields. Of particular note is sample A6589, which shows air-like argon isotope
ratios, and atmospheric *Ar, 2°Ne enrichments of several orders of magnitude
compared to other samples. As a result it is considered to be air-contaminated

and excluded from discussions. Overall, both Sable Island and Hogsback samples
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: “He/'He 40 A 1 /36 20N /22 21N, /22

SampleID Location (R,) +20 Ar/**Ar 420 *Ne/**Ne +20 *'Ne/*Ne =20
A6589 Sable Island 0.035 0.002 301.1 0.7 9.50 0.04 n.d.

A6591 Sable Island 0.026 0.001 4939 1.3 9.63 0.04 0.0300 0.0006
A6443 Sable Island 0.021 0.001 1714.3 5.4 9.45 0.04 0.0458 0.0010
HO2217  Hogsback 0.043 0.002 640.2 1.7 9.52 0.04 0.0338 0.0007
HB6823  Hogsback 0.049 0.002 1041.7 2.7 9.24 0.04 0.0460 0.0010
HB487 Hogsback 0.039 0.002 824.2 2.2 9.40 0.04 0.0420 0.0009
HB43761  Hogsback 0.056 0.002 1066.3 2.7 9.30 0.04 0.0444 0.0009
HB158 Hogsback 0.051 0.002 1030.6 2.8 9.38 0.04 0.0439 0.0009
HB6436 ~ Hogsback 0.042 0.002 584.2 14 9.32 0.04 0.0384 0.0008

Table A.2: Noble gas isotope ratio data for Hogsback and Sable Island natural gases. Helium isotope ratios are reported relative to the

atmospheric ratio, where R, = 1.4 x 107% (Porcelli et al., 2002).
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Figure A.2: Plot of neon isotope data for Hogsback and Sable Island samples.
Atmospheric endmember is shown, alongside mixing lines towards MORB, and evolution
due to production of radiogenic isotopes (Kennedy et al., 1990)).

show strongly radiogenic isotope signatures, and aside from differences in *He

abundances, have very similar characteristics.

A.4 Discussion

In Fig. , we plot atmosphere-derived noble gas (*°Ne, 6Ar, 84Kr, 3Xe)
elemental ratios, for Hogsback and Sable Island datasets, as well as a selection
of data from previously published literature. It can be seen that Sable Island
samples show no Kr/Ar or Xe/Ar enrichments, plotting between air and ASW
endmembers. However Hogsback samples show a consistent enrichment towards
and even beyond measured sedimentary values for both Kr/Ar and Xe/Ar. Clearly
if the source-rock type is indeed similar between the 2 fields, then source-rock
type cannot be a major controlling factor on the presence of Xe/Ar and Kr/Ar

enrichments in produced gases.
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Figure A.3: Plot of argon isotope and abundance data for Hogsback and Sable Island
samples. Sample A6589 is not shown as it is off-scale due to presumed contamination
with atmospheric Ar.

The assorted literature data do show a remarkably clear and consistent trend
suggestive of mixing between the atmospheric, ASW, and measured sedimentary
endmembers. 2°Ne/36Ar is never appreciably lower than ASW, and it seems unlikely
that there is much sedimentary contribution affecting Ne and Ar systems. Measured
Ne and Ar abundances in sediments are much lower than the heavy noble gases
(Staudacher and Alldgre, [1988)). 84Kr/36Ar and '¥°Xe/36Ar shows a strong influence
of the sedimentary endmember component, although its significance varies between
systems. The volcanic Yellowstone dataset (Lowenstern et al., 2014), and the deep
ancient brines from Kaapvaal (Heard et al., 2018)), show no significant input of
sedimentary Kr and Xe, and can likely be explained purely by ASW-air mixing or
solubility-dependent fractionation. The Sleipner and Alberta hydrocarbon systems
(Hiyagon and Kennedy, 1992} Barry et al., |2016) show moderate and consistent
enrichments in Kr and Xe, with the Haynesville slightly higher. Gulf of Mexico
(Barry et al., 2018a), Eagle Ford and Hogsback all show consistently high enrichments
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Figure A.4: Compilation of atmosphere-derived noble gas ratios in studies conducted as part of this project and elsewhere. Mixing with
sedimentary endmember is clearly seen. Data sources: Hogsback and Sable Island (this study); Eagle Ford (Byrne et al., 2018); Haynesvile
(Chapter 3); Alberta (Hiyagon and Kennedy, [1992); Strawn and Barnett (Wen et al., [2017); Sleipner (Barry et al., 2016); Gulf of Mexico
(Barry et al., 2018a); Yellowstone (Lowenstern et al., 2014); Kaapvaal (Heard et al., 2018). Errorbars are shown for illustration only and
represent a 5% error typical of measurements of this type.
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around and even in excess of the sedimentary endmember. Barnett and Strawn
systems (Wen et al., 2017) show some of the highest, enrichments, but are highly
variable and some plot lower than ASW. Not shown are samples from San Juan
(Zhou et al., 2005) and the Paris Basin (Pinti and Marty, [1995). These 2 systems
show much greater Kr and Xe enrichments to the extent that the rest of the
data would be obscured by the larger scale. However their enrichments are not
well-correlated, and so not necessarily the result of a sorbed sedimentary process.

Comparison of the fields which do exhibit a Kr and Xe enrichment shows that we
can rule out some obvious potential controls on its presence. The signature is seen
in both oil-associated gases (Gulf of Mexico) and in single-phase non-associated gas
reservoirs (Hogsback), indicating that the presence of a significant oil phase does not
necessarily contribute to the heavy noble gases. Furthermore, both unconventional
source-rock reservoirs (Fagle Ford), and conventional reservoirs show enrichments,
suggesting that migration is not the cause, but also does not necessarily overprint
the excess Kr and Xe. If the source of Kr and Xe is from the source-rocks themselves
we might expect the greatest enrichments to be in the unconventional reservoirs,
but that does not seem to be the case. The Haynesville dataset (Chapter 3) consists
of conventional and unconventional reservoirs from the same area, with no apparent
distinction between the two in terms of Kr/Ar and Xe/Ar. In some ways this
strengthens the case for source-rocks being the principal source of excess Kr and Xe,
as both conventional and unconventional samples from this dataset share the same
source-rock. However, the observed enrichment is no greater in the source-rocks,
and as migrated samples have generally higher abundances of all atmosphere-
derived isotopes, the signal is clearly not being diluted during migration. If both
conventional reservoir rocks and source-rock reservoirs can equally be considered as
sources of excess Kr and Xe, then this raises the question of why some hydrocarbon

fields show a complete lack of sedimentary endmember enrichment (Sable Island).
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A.5 Conclusion

This data compilation strongly suggests that Kr and Xe sorbed during sediment
deposition control the observed enrichments in the majority of petroleum systems.
However the exact reasons for the observed inconsistent behaviour between different
systems is still unexplained. Our new data from the Hogsback and Sable Island
systems strongly suggest that a control by sediment type or organic kerogen type
can be ruled out as a possibility. Comparison between other datasets also shows
that there is no clear distinction between fluid type (oil vs gas), or conventional

vs unconventional reservoirs.
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